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FOREWORD 


X-Ray metallography, as Dr. Taylor says in his Preface, is proving 
itself to be an essential tool in metallurgical research. It is taking 
its place beside the classical thermal and microscopic methods which 
have proved to be so valuable to the study of metals and alloys. It 
supplements these methods rather than replaces them, the combina- 
tion of all being the ideal at which to aim. X-ray analysis has almost 
entirely been developed by physicists, "who have been handicapped 
by their lack of metallurgical experience. The metallurgist’s wide 
knowledge of the behaviour and characteristics of alloys is beyond 
the reach of the physicist, and he must look to his colleagues to 
appreciate the uses to which the new tool he has developed can 
be put. 

This book should be valuable in bringing the two sciences 
together. While the subject has been rapidly expanding, there is 
a dearth of books of reference and reviews owing to the war. Dr. 
Taylor has collected and arranged much of the material which has 
appeared as scattered original papers in recent years, and it may be 
confidently hoped that the present volume will be very useful to the 
student, whether physicist or metallurgist, who is using X-ray methods 
of examination. 

Cavendish Laboratory,^ 

August^ 1944. 


W. L. BRAGG. 




PREFACE 


X-Ray analysis is now playing a leading part in the physical examina- 
tion of metals. Until quite recently, the technique was in the hands 
of a few specialists who served their apprenticeship in university 
research departments and research institutions. As their methods 
permeated into the more enlightened industrial organizations, the 
demand for skilled personnel and improved equipment steadily grew. 

The stress of war has suddenly accentuated the increasing demand 
for physicists and metallurgists with a knowledge of X-ray crystallo- 
graphy and for crystallographers skilled in metallurgy. Few have 
had the necessary experience in both fields, and the research worker 
is often faced with the unenviable task of sorting out the relevant 
information from a vast literature written by experts for experts. I 
have tried to fill the need for an introductory book which affords a 
guide to the literature and which, at the same time, possesses the 
character of a work of reference. It should therefore be of service 
to the student reading for a degree and the research worker in college 
or in industry. 

Ever widening in its scope. X-ray analysis is rapidly extending 
far beyond the original aim of determining atomic arrangements in 
crystals. It is now proving itself an essential tool in metallurgical 
research. For this highly specialized field of application, I have used 
the name X-ray Metallography. 

Among the many problems which confront the metallurgist are 
those of thermal equilibrium, internal stress and strain, crystal texture 
and phase identification. The practical solution of these problems 
does not require the elegant methods of Fourier Synthesis, the theory 
of Space Groups, or the use of the Reciprocal Lattice, so invaluable 
in Structure Analysis. For this reason, I have not dealt with these 
more theoretical aspects of structiure theory, giving only the barest 
essentials necessary to cover known simple structures. Should the 
reader require detailed information on the technique of structure 
analysis, he will find it fully treated in The Crystalline State, by W. H. 
Bragg and W. L. Bragg, and in other works in English by R. W. G. 
Wyckoff, G. L. Clark, M. J. Buerger, W. P. Davey, J. T. Randall 
and R. W. James. 

To my wife I owe a special debt of gratitude for her assistance in 
preparing the book for publication. I also wish to record my thanks 
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PREFACE 


to the many learned societies and industrial organizations who have 
given permission to reproduce illustrations from their publications. 
My grateful thanks are also due to my former chief, Dr. A. J. Bradley, 
F.R.S., for Figs. 36 and 134, and to the following who supplied 
photographs or blocks: The American Society for Testing Materials, 
Messrs. G. Bell & Sons, Ltd., The British Ceramic Society, The 
Electrical Times, The Institute of Metals, The Iron and Steel Institute, 
The Journal of Scientific Instruments, The Metropolitan-Vickers Elec- 
trical Co., Ltd., Nature (Messrs. Macmillan & Co., Ltd.), Messrs. 
Philips Lamps, Ltd., The Royal Society, The Royal Society of Arts, 
Messrs. Siemens-Schuckert, Ltd., The Society of Glass Technology, 
the English Electric Co., Ltd., and the Victor X-Ray Corporation, 
Ltd. 

Finally, I should like to thank Sir Lawrence Bragg for the Fore- 
word which he has kindly written, and for the interest he has taken 
in this work. 

Manchester, 

October, 1944. 
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CHAPTER I 


INTRODUCTORY— THE SCOPE OF X-RAY ANALYSIS 

The improvement of the microscope in the seventeenth century was 
destined to open up new fields of biological and metallurgical discovery 
only paralleled by the great advances made in astronomy by Galileo’s 
telescope. Robert Hooke, in his Micrograpkia, not only described the 
appearance of various insects, plants and seeds which he observed 
under the microscope, thereby helping to lay the foundations of the 
theory of evolution, but by his researches on metals he could lay claim 
to being the first metallographer. In the opening chapters of his 
book, he describes the rough, truncated appearance of the point of 
a small sharp needle and the apparently blunted jagged edge of a 
sharpened razor, both important tests of the quality of his instrument, 
and later he goes on to discuss the nature of colour films on steel and 
to describe the appearance of lead crystallizing from its alloy with 
silver. Very little subsequent work seems to have been done until 
Sorby, by his classical investigations on steel in the second half of the 
nineteenth century, securely laid the foundations of modem micro- 
scopical metallography. To-day, the microscope still remains the 
most important instrument of investigation at the metallurgists’ 
disposal. 

The most powerful microscope is limited by one important factor, 
namely, its resolving power. This is entirely dependent upon the 
effective aperture of the lens system and the wavelength of the light 
used for making the observations. There is thus a limit set to the 
scale of the phenomena which are capable of microscopical observation, 
and erroneous conclusions may be drawn from the misinterpretation 
of diffraction effects produced by structures just beyond the limits of 
resolution. During the last few years, interest has been centring 
about a new type of microscope which uses the principles of electron 
optics. Although the electron microscope has a resolving power 
approximately 50 times greater than the finest metallurgical micro- 
scopes, it still has several drawbacks which have to be overcome. 
Nevertheless, it holds great promise for the not too distant future, 
when it will certainly take its place as standard equipment for the 
metallurgical laboratory. 

The discovery of X-rays by W. C. RSntgen in the year 1895 
had immediate and far-reaching consequences in medicine and many 
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2 AN INTRODUCTION TO X-RAY METALLOGRAPHY 

branches of science. The true nature of the rays was not fully under- 
stood for some time, and when, in 1912, crucial experiments were 
carried out to test the nature of the radiation, there was at once created 
a new branch of physical-chemistry which enabled the molecular 
architecture of matter to be revealed. Many considerations led 
physicists to the opinion that X-rays were electro-magnetic waves with 
an extremely short wavelength of about io“® cm. and this accounted 
for the failure of all early experimental efforts to demonstrate diffrac- 
tion effects with the rays by using ordinary optical gratings, because 
the intervals between the rulings must not be much larger than the 
wavelength of the light investigated. 

Now long before the discovery of X-rays, a considerable body of 
experimental evidence had accumulated which justified the belief that 
the atoms or molecules in matter were arranged in an orderly fashion. 
The atoms were conceived to be arranged in groups governed by 
well-defined rules of symmetry which fixed their positions in space 
by the constant repetition of a unit of pattern. Furthermore, since 
the number of atoms per gram-atom was known, it was not diffi- 
cult to deduce from simple assumed atomic configurations that the 
distances between the atoms in a solid body were of the order of 
10“^ cm. In 1912, Max von Laue developing ideas put forward by 
P. P, Ewald on the passage of light through a crystal, conceived the 
idea of trying to use crystals instead of artificial gratings to diffract 
the X-rays. For if the atoms could behave as diffraction centres, then 
a crystal built up from regularly spaced rows of atoms would form 
a naturally ruled three-dimensional grating with just the right order 
of distance between the rulings to ensure diffraction of the rays. 

Friedrich and Knipping, at Laue^s suggestion, placed a crystal . 
of copper sulphate in the X-ray beam so that the rays traversing the 
crystal fell upon a photographic plate held in a position to record 
any diffracted rays which made a small angle with the transmitted 
beam. The experiment was brilliantly successful, for they obtained 
the now familiar “Laue photograph’’ consisting of arcs of spots 
surrounding a central spot produced by the undeviated primary 
beam. X-rays were thus shown to behave in very much the same 
manner as waves of visible light, and, simultaneously, the principle 
that crystals were founded upon a regularly ordered array of atomic 
groups or “space lattice”, was firmly established. 

Copper sulphate with its low symmetry yields a complex Laue 
pattern. Because of this, Friedrich and Knipping repeated the 
experiment using zinc blende, ZnS, which is a crystal with cubic 
symmetry, and thereby obtained a relatively simple arrangement of 
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spots. Laue was able to show that the four-fold symmetry of the 
pattern was due to the diffraction of electromagnetic waves by a cubic 
space lattice, but he held the erroneous view that the peculiarities 
of the X-ray pattern were due, in part, to a number of discrete wave- 
lengths in the X-ray spectrum. W. L. Bragg made a study of 
the Laue phenomena and showed that the patterns could be regarded 
as being produced by a mirror-like reflexion of the electromagnetic 
waves by regularly spaced plane sheets of atoms in the crystal. He 
showed that the spectrum of the X-rays used by Friedrich and 
Knipping was really continuous and that the distribution of the spots 
in the photographs was entirely due to the cubic character of the 
crystal. Using the ionization chamber designed by his father, 
W. H. Bragg, and simplifying the experimental conditions by using 
monochromatic radiation, he was able to determine the actual arrange- 
ments of the atoms in crystals of sylvine (KCl) and rock-salt (NaCl). 

From these experiments, a whole new science has sprung. Many 
new methods of studying crystals by means of X-rays have been 
developed, and to-day X-rays offer a new versatile tool which can be 
used side by side with the microscope for the investigation of metal- 
lurgical problems. Having a resolving power several hundred times 
greater than the finest microscope. X-ray diffraction methods can be 
used to study phenomena dependent on the grouping of the atoms 
themselves, and because of this, the metallurgist can now avail him- 
self of fundamental knowledge which the microscope is absolutely 
incapable of giving. 

Among the early pioneers of the new technique, special mention 
should be made of A. Westgren, E. A. Owen and A. J. Bradley, 
who applied the new methods to the study of metal structures and 
the thermal equilibrium diagrams of alloys. Mention should also 
be made of M. Polanyi, who was among the first to study crystal 
orientation textures in worked metals by means of X-rays. 

The metallurgist -has evolved a technique of microscopical in- 
vestigation based on many years of experience, and has learnt to 
interpret, in an empirical sort of way, the mechanical properties of 
his material in terms of the microstructures. The newer X-ray 
technique is unfamiliar to him, and because of inexperience and lack 
of training in the application of its methods, he is apt to look upon it 
with some suspicion or to dismiss the X-ray approach as too academic. 
It must be admitted that over-enthusiasm among some X-ray workers 
has led them to overlook the fact that many of the results they have 
obtained could have been achieved almost as readily by the more 
conventional methods of metallographical practice. Both micro- 
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scopic and X-ray methods have their limitationSj and, while having a 
great deal of ground in common, each method has problems to which 
it is peculiarly adapted. X-ray metallography is complementary to 
microscopical metallography. 

At this stage, it will be helpful to get some idea of the scale of 
magnitude of the structures which can be observed by X-ray and 
microscopical methods. Structures larger than io“^ cm. become 
visible under the microscope in polished and etched specimens. Such 
structures may also be studied by X-ray methods. In the size range 
lO” ^ to cm. X-ray methods have been successfully used to study 
the mechanism of age hardening, the coercive force in magnets and 
problems connected with resistance to deformation. The structure 
of martensite is upon this scale. In the io“^ cm. range, the segre- 
gation which leads to one type of age hardening occurs. Finally, 
and perhaps most important of all. X-rays can be used to investigate 
structures on the scale of io“^ cm. This is the order of magnitude 
of the unit of atomic pattern in the crystalline structure of alloy phases. 

In the course of a typical metallographical investigation, the alloy 
is sectioned, carefully polished and etched and then examined under 
the microscope. In order to see as many of the relevant details as 
possible, a suitable etching reagent must be selected which will 
discriminate between the various constituents in the micro-section, 
and the microscope must be correctly adjusted both with regard to 
illumination and to magnification. Discrimination between con- 
stituents is not always possible microscopically even under the most 
favourable conditions, yet with very few exceptions this may be 
accomplished with the greatest of ease by X-ray methods which do 
not depend on the etching characteristics of the material. On the 
other hand, while the microscope reveals the manner in which the 
constituents are distributed, as in a eutectic, for example, an X-ray 
diffraction photograph merely indicates the co-existence of two 
phases but reveals nothing at all about the state of aggregation. 

During the preliminary period in the investigation of an equilib- 
rium diagram. X-rays are invaluable, yielding as they do a very 
rapid, certain means of phase identification. Indeed, rapid surveys 
of complicated ternary systems have already been carried out in a 
fraction of the time required by microscopic methods, but these 
investigations must be regarded only as a beginning, necessitating 
the use of the microscope in future work in order to increase the 
accuracy of the phase boundary determinations. 

The application of X-rays has made fundamental contributions 
to our understanding of age-hardening phenomena. It has revealed 
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subtle changes in the ordering of the atomic lattice as a result of long 
periods of annealing, changes which profoundly affect magnetic 
properties and electrical conductivity. Grain sizes beyond the limits 
of resolution of the microscope have been measured and the grain 
orientation in rolled sheet and drawn wire which gives the finished 
material its anisotropic properties has been made the subject of several 
fruitful investigations. In the case of rolled sheet, X-rays will reveal 
grain fragmentation and directionality long before the elongation of 
grains in the rolling direction becomes evident under the microscope. 

Special cameras have been devised for studying alloys at elevated 
temperatures, one of the early triumphs of this mode of investigation 
being the elucidation of the true nature of the change points in iron, 
shown to be caused by the transition from one cubic arrangement 
of atoms to another. The thermal expansion of the crystal lattice 
can be studied with great accuracy by means of high-temperature 
X-ray cameras, and the results compared with those obtained by 
other methods which can only yield average values representative 
of the material in bulk. Cameras for studying alloys at very low 
temperatures have also been constructed. Interesting phase changes 
in iron-nickel alloys at the temperature of liquid air have been in- 
vestigated, but so far very little has been published about this aspect 
of X-ray technique. 

Among the more interesting achievements of X-ray crystallo- 
graphy is the discovery that the atomic pattern in a vast number of 
alloys is a function of the electron concentration. Such an occurrence 
had been anticipated by Hume-Rothery and was explained after- 
wards by Jones on the basis of wave-mechanics. In addition to 
the older substitutional and interstitial types of solid solution already 
known to exist, a new type of defect lattice has been discovered, in 
which there is a large percentage of empty places which would 
normally be occupied by atoms of the parent lattice. 

The above is but a very brief summary of the metallographic 
applications of the new X-ray diffraction methods which, as we can 
see, are immensely powerful and versatile. The scope of X-ray 
technique already covers an immense field of enquiry and is rapidly 
growing. The object of this book is to give the metallurgist an 
introduction to the applications of X-rays. It does not claim to be 
comprehensive, for such a book would run into several large volumes. 
The methods of deducing crystal structures and the theory of space 
groups are only touched upon, for the metallurgist has neither the 
time nor the interest to concern himself with the time-consuming 
task of determining complicated atomic arrangements, although he 
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is interested in the final results. The book falls naturally into two 
parts, one dealing with the physics of X-rays, and the other with 
their application to certain aspects of metallurgy. However, despite 
the large amount of theory^ underlying the subject, its application 
has a character essentially practical, and the inclusion of X-ray 
apparatus in the laboratory wdll undoubtedly form a worthy and 
useful complement to the already existing metallographical equipment. 



CHAPTER II 


X-RAY GENERATING APPARATUS 

The Production of X-rays. The sudden stoppage of rapidly 
moving electrons by the atoms of matter is accompanied by the 
generation of X-rays. The apparatus for the production of the 
radiation consists of an evacuated vessel containing two electrodes, 
the cathode, which acts as a source of electrons, and an anode, or 
target. A high potential difference is applied between the two 
electrodes by means of an external circuit, and, under the influence 
of the electrostatic field, electrons leave the cathode and strike the 
anode with a high velocity. The character of the X-rays thus 
generated depends in part upon the velocity of the electrons and 
therefore on the tube potential, and partly upon the element com- 
posing the target which arrests the motion of the electron stream. 
In the early days of X-ray investigation, the radiation was termed 
“hard” or “soft” according to whether it penetrated matter or was 
easily absorbed. The harder radiations are produced by the higher 
tube potentials. 


4 



Fio. I. — Diagrammatic view of X-ray tube and electric circuit. 

T, Water-cooled target. F. Incandescent tungsten filament. F.T. Focusing tube. 

Windows covered with thin Al foil, beryllium or Lindemann glass. 2?.T. High-tension transformer. 
Low-tension transformer. 
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The residual gases in the early types of X-ray tubes were ionized 
by the electrons extracted from the cold cathode by the field of the 
applied potential, and the electrons generated in the ionization 
process also contributed to the stream which bombarded the anti- 
cathode, In the more recent Coolidge tube, a spiral of heated tung- 
sten wire emits a copious stream of electrons which is focused upon 
the target by means of a simple focusing tube. Only a small fraction 
of the energy of the electrons is converted into X-rays. By far the 
major portion is converted into heat which is usually dissipated by 
means of a water-cooling system or by air-cooled radiator fins. A 
simplified sketch which illustrates the essential features of an X-ray 
apparatus is shown in Fig. i. Later in this chapter, we shall describe 
a number of commercial tubes suitable for carrying out metallographic 
investigations. 

The X-ray Emission Spectrum- The target emits a con- 
tinuous spectrum upon which a line spectrum characteristic of the 



Fig. 2 . — Continuous X-ray spectra at dijSerent constant tube potentials, emitted by 
tungsten anticathode (Ulrey). 
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element comprising the target is superimposed. In order to excite 
the characteristic radiations, a limiting voltage must be exceeded. 
For potentials below this limit, the X-ray spectrum is composed 
entirely of continuous or “white"’ radiation. The continuous spec- 
trum of tungsten excited at different tube potentials below the initial 
value to excite the characteristic K radiations is illustrated in Fig. 2. 

The spectra end abruptly at a definite short-wave limit, which 
decreases as the tube potential increases, and tail away slowly on the 
long-wave side. The minimum wavelength which can be excited 
is governed by the Quantum relation 


where V = potential applied to the tube, 
e = charge on the electron, 
h = Planck’s constant, 
and c = velocity of light. 



Fig. 3. — Analysis of X-radiation from a rhodium target, for various voltages. 
(From The Spectroscopy of X ~ re^Sy Siegbahnj O.U.P., 1925.) 
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Putting V in volts instead of absolute units, we obtain for the 
minimum wavelength 



1-234 

V 


lo-^ 


Each element emits characteristic hard “K"’ radiations from the 
innermost or K electron shell of the atom, and soft “L” and ‘‘M’’ 
radiations from the L and M shells. Fig. 3, taken from the Spectro- 
scopy of X-rays^ by M. Siegbahn, illustrates the emission of character- 
istic K radiations by a rhodium target (containing a small amount 
of ruthenium impurity excited upon exceeding the critical voltage). 

The Rh Ka line really consists of a close triplet as, ai, and aa 
whose intensities are roughly in the ratio 4 : 100 : 50. The feeble 
ag component is rarely seen, so that for most practical purposes we 
may speak of the ‘‘a-doublet’^, meaning the resolved pair of lines 
ai and aj. The intensity ratio of ai to a a seems to be 2 : i for all 
elements. The radiations also consist of a series of components 
grouped very closely together. For most of the X-ray investigations 
involving the use of characteristic radiation which we shall describe 
later in the book, considerable simplification of the X-ray photo- 
graphs can be effected by “filtering out^^ the radiations by means 
of suitable screens which absorb preferentially with respect to 
the Ka line. Usually the L and M spectra are so soft that they 
are absorbed in the thin foil window of the X-ray tube and play no 
part in the diffraction phenomena. 

The Absorption of X-rays. The passage of X-rays through 
matter is accompanied by the loss of energy of the X-ray beam. 
Most of the energy is transformed into secondary radiations which 
have a longer wavelength than the primary beam, and into the energy 
of photoelectrons which are ejected from the absorbing material. A 
very small fraction of the energy is lost by scattering. 

After traversing a thickness an X-ray beam of wavelength A 
and initial energy /o is reduced to a value I given by 

I = 


where [jl is the linear absorption coefficient. We can re-write this 
equation in the form 


I = 1.6 


-IL.pd 


where - is termed the mass absorption coefficient and pd is the mass 

per square centimetre of the absorbing material. 

Writing the formula this way, , we express the absorption co- 
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efficients in terms of mass traversed rather than thickness, since it is 
the mass of matter and not its distribution in space which determines 
the magnitude of the absorption. 

Absorption is a function of the electron grouping in the atoms 
of the absorbing element. It increases rapidly with increasing atomic 
number and increasing wavelength of the radiation. Each element 
exhibits a number of sharp discontinuities where the absorption 
coefficient suddenly falls and begins to rise again as the wavelength 



Fig. 4. — ^Mass absorption coefficients, — , of Ge, Cu, K and Fe. Note the sudden steps 

P 

or “ K ” absorption edges of Ge, Cu and Fe. 

increases. These so-called “absorption edges” occur .when the 
radiation can excite the K, L or M spectra of the absorbing material. 
The effect is illustrated in Fig. 4, where the mass absorption co- 
efficients for a number of elements are plotted as a function of the 
wavelength. 

It must be stressed here that absorption plays a very important 
part in the X-ray examination of materials. The radiations which 
add complications to the X-ray spectra in Debye-Scherrer and 
rotation photographs (see Chapter can be removed by using a 
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filter. The filter consi, ’s of a thin foil of an absorbing element 
whose K absorption edge lies between the Ka and K/S lines emitted 
by .the anticathode. The KjS rays lying on the short wavelength 
side of the absorption edge are heavily absorbed in the filter, while 
the longer Ka rays are transmitted relatively easily although some- 
what diminished in intensity. When the intensity ratio of the trans- 
mitted Ka ray to KjS is about 600 to i, it is very unlikely that any 
spectra produced by the diffraction of KyS will be visible on the photo- 
graph, and consequently the thickness of the filter is adjusted to 
obtain this ratio. In the process of filtration the Ka component 
is cut down to about half its initial intensity, and the exposure time 
must be increased accordingly. 

Let us now suppose that filtered Ka radiation falls upon the 
specimen being examined. If the radiation lies close to the short 
wave side of the absorption edge of the specimen, a considerable 
proportion of it will be heavily absorbed. Intense secondary X-rays 
will be produced which will fog the X-ray film. In such cases, the 
diffraction spectra appear very feebly against an intensely blackened 
background. Clearly such a state of affairs is undesirable and it 
can be overcome very simply by choosing a more suitable wavelength 
for the Ka rays. A knowledge of the absorption coefficient of the 
specimen and the position of its absorption edges will assist the 
investigator to choose a suitable target in order to obtain the best 
possible results. In some cases, however, the use of a highly absorbed 
wavelength is unavoidable, for it may be required to have certain 
reflexions at specified angles, but since the secondary X-rays are 
. softer than the incident rays, any screen will absorb the former more 
strongly than the latter. The background may be reduced by placing 
a screen between the film and the specimen, and it is advantageous 
in such cases to make the screen out of the material needed for a 
/5-filter and dispense with the filter in the incident beam. This is 
not always practicable, and thin films of celluloid or aluminium foil 
can be used instead, at the same time retaining the /S-filter in the 
incident beam. Such a procedure will, however, materially increase 
the exposure time. 

Specimens may also be self-screening, in that they absorb the ^ 
component very heavily. For example, in using Co Ka -j- /5 radiation 
on iron specimens, the K/5 component is heavily absorbed and only 
the Ka portion is reflected. In this case it is quite unnecessary to 
filter the incident beam with iron foil, and a considerable reduction 
in exposure time can be effected. 

A list of targets, wavelengths and /5 filters devised by Dr. A. J. 
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Bradley are given below in Table L Thc^ e will be found suitable 
for nearly all X-ray metallographic investigations. 

The Choice of an X«ray Tube. Pitfalls likely to be encoun- 
tered in the investigation of alloys were described above, when we 
explained some of the complications likely to occur when using 
unsuitable radiation. If the range of investigation is likely to cover 
a very wide field, in which alloys involving several different elements 
wdll occur, it is necessary for the experimenter to have at his disposal 
many different radiations, and 'lids will govern in large measure the 
type of generating ajfparatus which he will be required to purchase. 

Generally speaking, X-ray tubes fall into two main categories, 
namely sealed-off tubes, in which the vacuum is permanently main- 
tained, and the continuously evacuated “demountable’’ types. The 
continuously evacuated tubes may either be of the “gas tube” variety, 
having a cold cathode, the electrons from which ionize the residual 
gases which are maintained at a constant pressure by means of a 
controlled leak, or the more powerful Coolidge type having a high 
vacuum produced by mercury vapour or oil diffusion pumps. Each 
type of tube has many features which recommend it, some being 
simplicity, ease of running, manoeuvrability, initial cost and main- 
tenance, and so on. There are now many such pieces of apparatus 
• on the market by firms of repute both in this country and in the 
United States. 

The user of a sealed-off tube is limited to one target which seriously 
'restricts the range of enquiry. For example, a tube fitted with a 
•copper target which emits characteristic Ka radiation heavily absorbed 
by iron would be quite useless for the study of the steels and those 
alloys of high iron content for which a Co target is more appropriate. 
In order to cover the range of investigation, it may be necessary to 
keep a whole battery of tubes with different targets. Although this 
may seem formidable, it must be pointed out that since each tube 
can be run in turn off the same high-tension equipment, and will be 
in use only part of the time, the cost when spread over a number 
of years compares very favourably with the more flexible demountable 
tubes. 

Sealed-off tubes will run for a considerable period without any 
fluctuations in output, giving no trouble and requiring a minimum 
of attention. On the other hand, demountable tubes require fre- 
quent servicing if they are to run at maximum efficiency. The 
vacuum seals must be periodically attended to and the pumping 
equipment kept in first-class condition if the tube is to function at 
all satisfactorily. During the shut-down period, a small amount of 
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TABLE I 

List of Targets, Wavelengths, and ^S-filters 


Target )?-filter 















Wave- 




Mass 

Material Content 

Element, 


length 


Element, 

Absn. 

/ 

--A, 

Atomic 


in X- 

Peak 

Absorption 

Coeff. 


Thickness^ 

Number 

Line 

units * 

kV. 

Edge 

/^/p 

gm./cmA 

mm. 

Ag, 

47 

Kai 

558*28 

90 

(Pd, 

' 508*0) 

13*1 

0*096 

0*079 



Kaa 

562*67 


or 







K/3, 

496*01 


Rb, 

533*0 




Pd, 

46 

Kai 

584-27 

90 

Rh, 

533*0 

14*6 

0*091 

0*073 



Kaa 

588-63 


or 








519-47 


(Ru, 

558-4) 




Rh, 

45 

Kai 

612*02 

90 

Ru, 

558-4 

15*4 

0*077 

0*064 



Kaa 

616-37 




* 





KiSx 

544*49 







Mo, 

42 

Kai 

707-831 

80 

Zr, 

687-4 

17*2 

0*069 

o*io8 



Ka. 

712*105 










630-978 







Zr, 

40 

Kai 

784-30 

80 

Sr, 

768-4 

i8*i 

0-053 

0*210 



Kaa 

788-51 










700*28 







Au, 

79 

Lai 

1,273*77 

SO 

Ga, 

1,190*2 

37*0 

0*028 

0*047 



La2 

1,285*02 







Zn, 

30 

Kax 

1,432*17 

SO 

Cu, 

x.377-4 

42*0 

0*019 

0*021 



Ka2 

1,436-03 









Ki^i 

1,292-55 







W, 

74 

Lai 

1,473-36 

SO 

Cu, 

L 377-4 

42*0 

0*019 

0*021 



La2 

1,484-38 







Cu, 

29 

Kai 

1,537-395 

SO 

Ni, 

1,483-9 

48*0 

0*019 

0*021 



Ra2 

1,541-232 










1,389-35 







Ni, 

28 

Kai 

1,654-50 . 

SO 

Co, 

1,604*0 

51*6 

0*015 

0*018 



Kaa 

1,658-35 










1,497-05 







Co, 

27 

Kai 

1,785-29 

45 

Fe, 

T. 739-4 

58*6 

0*014 

o*oi8 



Kaa 

1,789-19 









K^Si 

1,617-44 







Fe, 

26 

Kai 

1,932-076 

40 

Mn, 

1,891*6 

61*9 

0*012 

o*oi6 



Ka2 

1,936-012 










1,753-013 







Mn, 

25 

Kai 

2,097-51 

40 

Cr, 

2,065*9 

71*0 

0*011 

o*oi6 



Kaa 

2,101-49 










1,906-20 







Cr, 

24 

Kai 

2,285-03 

35 

V, 

2,263*0 

77-3 

0*009 

0*016 



Ka2 

2,288-91 









KiSi 

2,080-6 








♦ See Note on feeing page. 
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air and water vapour invariably leaks into the apparatus and so the 
vacuum during the first few hours of the running period is never 
quite as good as that in a sealed-off tube. This seems to assist the 
evaporation of tungsten vapour from the incandescent filament which 
condenses upon the target and windows. It is therefore necessary 
to dismantle the tube at frequent intervals in order to clean the surface 
of the target and replace the windows of the tube. There is also a 
marked tendency for the current output of the tube to rise during 
the early stages of running, and the operator must be at hand to 
adjust the current. The life of a sealed-off tube is limited by the life 
of the filament, which may be several hundred ‘hours above the 
guaranteed life of i,ooo hbufs. In a demoim table tube, a filament 
may last 150 to 200 hours and is very easily replaced.' Considerable 
improvements to the output efficiency of sealed-off and demountable 
tubes can be effected by means of special circuits incorporating 
rectifying valves. 

Sealed-oiS Tubes — Piiilips Industrial. Philips Industrial are 
well known for the quality of X-ray tubes and accessory equipment 
which they manufacture. In Fig. 5 is illustrated their latest high- 
power ‘‘Metalix” sealed-off X-ray diffraction tube for crystallographic 
work, which represents a, marked advance on earlier types. The 
outer-casing of the tube is shock-proof and ray-proof, thus affording 
the operator the fullest protection. The electron stream from an 
incandescent tungsten spiral is focused on the water-cooled target 
as a sharp line, 12 mm. long by i*2 mm. wide. The X-rays are 
taken off at an angle of approximately 10° to the surface of the target 
and pass with little absorption through four windows of Lindemann 
glass, making it possible to study foiir specimens simultaneously. 
The output of the tube depends on the target fitted. With copper 
radiation it is possible to run the tube continuously at 25 milliamps 
and 50 Kv. peak. 

The tube has a diameter of 60 mm. so that a crystal analysis 
camera can be brought to within 35 mm. of the focal spot. It is 
possible to fix the tube on a movable bracket in order to incline it 

* Note, (a) I Angstrom Unit (A) = io“^ cm. The X-unit defined by Siegbahn 
on the ^asis of the atomic spacing in calcite is very nearly equal to io~^A or cm. 

It has been customary practice to use these Siegbahn wavelengths for computing atomic 
distances and dividing by lo^ to express the results in “Siegbahn” Angstroms. This . 
practice has been criticized by H, Lipson and D. P. Riley To convert to “Absolute” 
Angstrom smultiply “Siegbahn” Angstroms by the factor 1*00203. All spacings and 
wavelengths in this book are on the Siegbahn scale. 

( 3 ) When the ai — doublet is not resolved, the wavelength of the resultant a-line is 
taken as a weighted mean -h on account of the intensity of the ccx component 

being twice as great as 
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at any angle with respect to the specimen. This is of great value 
when massive specimens of metal cannot be manoeuvred into position 
with regard to the X-ray equipment. In addition to the tube, high 
tension and low tension equipment is required, and can be obtained 
from Messrs. Philips Industrial. 



Fig. 5 (a ). — Philips Industrial “Metalix” tube for X-ray crystallography. 



Fig. 5 (b). — Section of earthed anode X-ray tube. 

{yournal of Scientific Instruments, 193+*) 

A smaller and less powerful portable unit for crystal analysis is 
also manufactured by Philips Industrial. This outfit is illustrated 
in Fig. 6 and represents an ideal equipment for a metallurgical 
laboratory in which X-ray analysis is required to supplement the 
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more usual methods of metallurgical investigation. Special cameras 
covering a wide field of enquiry have been designed for use with 
this tube, two of which are shown in position. A feature of par- 



ticular value is that the tube is detachable from the stand which 
houses the whole of the electrical equipment. By means of shock- 
proof, flexible connexions, the tube may be brought into proximity 
with massive specimens. 

Sealed-off Tiibes — Victor X-ray Corporation Ltd. For in- 
dustrial and research purposes, the Victor Coloration have developed 
a compact and versatile “XRD” X-ray diffraction unit. -AJi * c 
electrical equipment is contained within a square steel cabinet which 
stands the height of an ordinary office desk. The tube is mounted 
vertically and has four windows. Excellent rigid support is forded 
to the X-ray cameras by means of fom: independently adjustable 
mountings, the bearing surfaces of which are accurately machiM 
to give precision alignment of the cameras along their entire lengths. 
The XRD set is illustrated in Fig. 7, which shows four X-ray cameras 
in position. The range of cameras covers the majority of academic 
and industrial requirements. The entire imit is mounted on rubber 
wheeled castors for mobility and consequently may be used at ^y 
point at which electrical power and water connexions are available. 
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(Courtesy Victor X~ray Corporation.) 


Fig, 7. — Victor XRD X-ray difixaction unit showing four cameras in position round 

central X-ray tube. 


Demoimtable Txibes — ^Metrovick “Raymax''. The ‘‘Ray- 
max’’ unit illustrated in Fig. 8 has been specially designed for the 
serious research worker. The set illustrated in Fig. 8 comprises an 
X-ray tube, high voltage transformer and control equipment built 
as one compact unit occupying a floor space of approximately 6 ft. 
by 2 ft. 6 in. The X-ray tube is continuously evacuated by a pump- 
ing plant situated immediately below it and connected by a length 
of pipe, thus leaving ample space below and around the tube to 
arrange cameras or any other desired apparatus. A control panel 
6 ft. high^ mounted on the end of the main cubicle, carries all regulat- 
ing handles, switches and instruments, and an illuminated mimic 
circuit diagram which lights up section by section as each part of 
the equipment comes into operation. 

The X-ray tube is of the hot cathode (Coolidge) type, entirely 
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Fig. 8.-*-“Raymax” X-ray equipment for Crystallographic Analysis. 
(MetropoUtan-Fkkers Electrical Co., 


20 AN INTRODUCTION TO X-RAY METALLOGRAPHY 

demountable and, with the exception of the porcelain insulator 
housed within the cabinet, of all-metal construction. The filament 
assembly and focusing shield are secured rigidly to the porcelain 
insulator, and the whole unit is fitted by means of an optically flat 
ground joint to the metal head, which carries the anticathode. It is 
therefore a comparatively simple matter to replace the filament. 
The water-cooled interchangeable target is attached to the head by 
means of a flat ground joint and is kept at earth potential. The metal 
head carries twin easily replaced aluminium or beryllium windows, 
and since the beam is taken from the target at an angle of io°, two 
cameras may be used at the same time. All the ground joints are 
sealed with suitable Apiezon high vacuum waxes and greases. The 
tube is evacuated by means of a “Metrovac"’ 02 oil condensation 
pump backed by a high-speed rotary oil pump, and the degree of 
evacuation is observed by means of discharge tubes. 

Two standard equipments are available, one which is fully auto- 
matic in operation and can be started up by the turning on of the 
water supply and closing one switch. The process of evacuating 
the tube is from then on automatic, and the mimic diagram on the* 
control panel indicates the operation of the various parts of the 
equipment. The alternative equipment requires the operator to 
control the evacuating pumping plant sequence by hand. The tube 
is very powerful. With a copper target it can be run steadily at 
25 milliamps and 50 Kv., but it may be overrun for short periods 
at 35 milliamps without serious consequences, as in the event of a 
breakdown usually caused by a punctured target, or more rarely, 
by a burned-out filament, replacement can be effected in a few minutes 
and at negligible cost. The massive steel construction of the equip- 
ment is particularly suited to mounting large heavy pieces of apparatus 
near the X-ray head. 

Metropolitan-Vickers also manufacture Debye-Scherrer cameras 
of the Bradley type described in Chapter V, and a special uni- 
versal camera suitable for various aspects of metallographical 
investigation. 

Demountable Tubes — Hilger's ‘'Dexrae" Unit. The Dexrae 
unit has been primarily designed for the applications of X-ray crystal 
analysis methods to industry. Illustrations of the equipment are 
given in Fig. and A rotary oil-pump backs an oil diffusion 
pump connected to the X-ray tube via an elbow-shaped vacuum 
connexion which contains a Pirani vacuum gauge. The X-ray tube 
is of robust design and of all-metal construction except for the cathode 
mount. The X-ray beam passes vertically upwards through a 




{Courtesy Adam Hilger Ltd,^ London.) 

Fig» 9 (fl).— The Hilger “Dexrae” Industrial Unit. 9 (A).— Close-up (»f tube showing Debye-Scherrer camera 

mounted on its slide. Note stand for heavy specimens. Direc- 
tion of beam is vertically upwards. 
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beryllium window, but the tube may be tilted so that the beam can 
be directed in any position from vertical to horizontal. 

The tube is fully demountable. One of the useful features 
encountered is that four targets, Co, Cu, Cr and Ag, are incorporated 
in the one body so that a rotation of 90° moves a fresh target into 
position without the need of breaking the vacuum seal. A rotating 
disc containing suitable y 5 -filters fits over the beryllium window. 
Special attention has been paid to camera design and a range of 
cameras covering all types of metallographical investigation has been 
constructed. Specimens up to 50 lb. in weight can be supported 
on the top plate of the trolley and rigidly clamped into position. 
Since the whole X-ray apparatus is mounted on rubber casters, the 
tube and camera equipment may be brought up to more massive 
specimens which can then be examined in situ. 

A problem which often confronts the metallurgist is how to 
obtain X-ray photographs from the exact portion of the specimen 
on which a microscopical investigation has been carried out. Messrs. 
Hilger have given this problem their serious consideration. A 
metallurgical microscope with an inverted objective has been designed 
to fit into the slide normally occupied by the X-ray camera. It is 
therefore possible to carry out an optical examination of a polished 
and etched specimen as set up ready to receive the X-ray beam. 

Future Trends in X-ray Tube Design, With the present 
arrangement of incandescent filament and water-cooled target, tube 
outputs greatly in excess of 30 milliamps at 50 Kv. do not seem very 
probable. There is, however, an urgent need for tubes of higher 
power, in order to cut down the exposure periods, which may range 
upwards from fifteen minutes to twenty-four hours and longer. 
Tubes with rotating targets capable of 1,000 milliamps at 50 Kv. 
have been experimented with and are just emerging from the labora- 
tory stage. Such tubes would reduce the normal exposure periods 
down to a few seconds, and in industry, where the time factor is 
often of great importance, they would be a paying proposition. 
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THE SPACE LATTICE 

Tlie Crystal Form. Most chemical compounds and elements 
exist in crystalline forms characterized by their external geometrical 
shape. They usually crystallize out of solution or solidify from the 
melt, in the process of which the atoms or molecules arrange them- 
selves in a regular fashion and thereby settle down into positions of 
lowest potential energy. It is usual that the slower the rate of 
crystallization, the more perfect are the resulting crystals. It is 
among the naturally occurring minerals that we find the most beautiful 
examples of crystals, which, having attained complete equilibrium as 
a resTilt of the long period taken in cooling from the liquid state, have 
developed with perfectly plane faces which meet in sharply defined 
edges and corners. 

In some parts of the earth, single crystals of native copper, silver 
and gold have been found having well-developed crystallographic 
faces, but these must be regarded rather as exceptions, for usually 
metals are aggregates of small crystals seldom bounded by the per- 
fectly regular plane faces associated with minerals or crystals deposited 
from solution. Grain growth in a solidifying mass of metal proceeds 
from dilferent centres or “nuclei” and the growing skeletal crystals, 
or dendrites, meet in irregular grain boundaries; Grain size has an 
enormous influence on the mechanical properties of alloys, and its 
control has been one of great concern to the industrialist. Control of 
grain size by the addition of grain refining elements to the molten 
metal and correctly adjusted heat treatment of the solidified mass is 
common metallurgical practice. Very beautiful columnar crystals 
several inches long can be seen in large billets and slabs which have 
been allowed to cool rather slowly after casting. Mainly for academic 
reasons, special techniques for growing large perfect crystals of metals 
have been developed, some involving slow cooling from the melt and 
others necessitating subjecting the crystal aggregate to a critical 
amount of strain followed by annealing at a suitable temperature. 
Large crystals of volatile metals such as magnesium can also be 
deposited directly from the vapour state. 

One of the most important and most easily observed physical 
characteristics of a crystal is the property known as “cleavage”. 
Many crystals, when struck with a hammer or pressed with the blade 
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of a knife or a sharp point, break up by separating along certain well- 
defined planes. Mica has an extremely well-defined cleavage which 
enables it to be split up into sheets of remarkable thinness. A cube 
of galena cleaves very easily parallel to the original cube faces and is 
said to have a ‘‘cubic cleavage’\ Diamond not only crystallizes in 
octahedraj but also splits or cleaves when struck along surfaces 
parallel to the eight faces of the octahedron. The octahedron cleaved 
out of diamond will not necessarily have all its faces of the same size, 
but it may be reduced to the ideal geometric octahedron by flaking 
away slices parallel to the smaller faces until they are made equal. 
The cleavage planes have a smoothness and a brilliancy which cannot 
be exceeded by any artificial polish. On the other hand, crystals of 
most pure metallic elements, however well formed, are soft and ductile. 
They have little resistance to shear, and slip in well-defined crystallo- 
graphic directions producing the well-known slip bands or twinning 
bands upon the surface of the specimen. The manner in which 
crystals grow and cleave and their physical properties such as hardness, 
refractive index, electrical conductivity and thermal conductivity 
which depend, vector-like, on the directions in which they are 
measured, are manifestations of the internal architecture which is on 
the atomic or molecular scale. 

Crystal SjmQaietrj, Amorphous glass-like substances are 
isotropic, that is, their physical and mechanical properties are 
independent of the direction in which they are measured. On the 
other hand, experiment shows that although a single crystal is 
anisotropic, there are nevertheless certain directions in which it is 
completely identical, both physically and geometrically. It is this 
assemblage of equivalent directions which displays the symmetry of 
the crystal, and it is revealed most readily by the distribution on the 
crystal of the faces which bound it. A crystal is said to possess 
a number of elements of symmetry, such that by the operation of one 
of these elements the crystal undergoes a self-coincidence trans- 
formation. That is, the aspect of the crystal in its new orientation 
is quite indistinguishable from its appearance before carrying out the 
symmetry operation. Experience of large numbers of crystals has 
shown that the number of elements of symmetry is remarkably small 
and consists of rotation axes, planes and centres of inversion and of 
a limited number of combinations of them. 

An »-fold axis of symmetry operates in such a way that after 
rotation through 271 the crystal comes into a position of self- 
coincidence. Only 2-, 3-, 4- and 6-fold axes of symmetry are possible. 
There_ are also axes of rotary inversion which operate in such a way 
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that, after rotation through 271 / the edges, corners and faces must 
be inverted through the origin in order to bring them into coincidence 
with the original aspect of the crystal. 

As an illustration, let us consider a cubic crystal such as iron or 
copper (Fig. 10). The centre of the cube is a centre of symmetry or 
inversion, for it lies midway between pairs of corresponding points on 
the surfaces or edges. The cube can be reflected, as it were, across 
a symmetry plane which passes through the centre and which is 
parallel to a cube face. We can also have other planes of symmetry 
which pass through opposite pairs of edges. In addition to the planes 
of symmetry, there are axes of rotation. A four-fold symmetry axis 
passes through the centre of each face of the cube parallel to one of the 
edges. A rotation of 90° in either direction about one of these four- 



Fig. 10 . — (^) Symmetry elements of a cube 0, A, □, two-fold, three-fold, and four-fold axes 
of symmetry. 

— Planes of symmetry. 

3|c Centre of symmetry. 

{b) Symmetry axes of the octahedron. 


fold or tetrad axes turns the cube into a new position which is indis- 
tinguishable from the old. Similarly, the cube diagonals form a set 
of four three-fold axes, whereby the cube becomes self-coincident after 
a third of a rotation. In addition, we find axes of two-fold symmetry 
passing through the centres of opposite edges. The same symmetry 
elements are possessed by any crystal of the cubic class. 

The symmetry properties of all crystals consist of a combination 
of one or more rotation axes, and planes and centres of synunetry which 
collectively form the “Point Group”. A cubic crystal may not have 
its full complement of axes or plane's, and will, in consequence, not 
display the highest form of cubic symmetry. Thus we find that 
among cubic crystals there exist as many as five point groups possessing 
progressively more and more elements of symmetry, until the full 
symmetry of the perfect cube is attained. Crystals are classified as 
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belonging to one of seven systems according to the nature of their 
symmetry. These are the cubic, hexagonal, rhombohedral, tetra- 
gonal, orthorhombic, monoclinic and triclinic systems, and are described 
later. Each system possesses a definite number of point groups, and as 
a result of this, the seven systems give rise to a total of 3 2 point groups 
or crystal classes. 

If we consider the case of diamond, we see that whatever the 
relative sizes of the faces, the angles between the faces are always those 
between the faces of a regular octahedron, namely 109° 28', and the 
crystal can always be set so that its eight faces are parallel to those of 
a perfect octahedron. The eight faces corresponding to the octa- 
hedron are said to constitute a form. If the crystal is misshapen so 
that some faces have developed at the expense of the others, the form 
which it assumes by virtue of the relative sizes of its faces is called its 
“habit”. Thus an octahedron may assume a “tabular” or “prismatic” 
habit according as it becomes a tablet or a prism by the enlargement 
of two or four of its faces. 

If from any point within the crystal we let perpendiculars fall upon 
the faces, supposed produced if necessary, the radiating bundle of 
normals will be independent of the shape and size of the faces and will 
depend only on their direction. The bundle of normals is thus 
characteristic of the form of the crystal on which a certain set of faces 
is developed and is certainly a much better description of it than the 
actual shape would be, since this depends so much on the accidents of 
growth. W^e may describe a sphere about the origin of the normals 
and intersecting them in a set of points which will again be independent 
of the directions of the faces. The array of points on the sphere may 
be projected upon a great circle by means of the stereographic projec- 
tion (see Chapter X) and so the form of the crystal, however complex, 
can be represented by the crystallographer in a relatively s im ple 
manner in two dimensions. 

A crystal may have more than one form developed at the same time. 
For example, potassium alum, which crystallizes in octahedra, might 
have six faces corresponding to those of a cube as well as the octahedral 
faces, but for the same crystal the relative directions of the faces are 
fixed. A very definite rule can be laid down which governs the 
relative directions of the crystal faces known as the Law of Rational 
Indices. This lays down the geometrical foundations of crystallo- 
graphy and we shall see later how it follows as a. natural consequence 
from the internal architecture of the crystals. 

The Law of Rational Indices. First of all, it is necessary to 
choose a set of axes fixed in the crystal to which the directions of the 
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faces can be referred. This is done hy choosing three non-parallel 
faces of the crystal whose intersections give the crystal axes. Any 
three such faces will serve, but generally some set of axes suggests 
itself as most convenient from the symmetry of the crystal; for 
example, in a cubic crystal the three contiguous edges of the cube 
would be taken, giving a set of rectangular axes. A fourth face is 
then chosen which cuts 
all three axes, and is 
called a standard plane. 

Let ABC (Fig. ii) 
be such a plane and let 
it make intercepts OA 
(= a\ OB (= b), OC 
(= c) on the axes Ox, 

Oy, O 2 :, respectively. 

The experimental law, 
the Law of Rational In- 
dices, which is found to 
govern the directions of the 
other faces of the crystal, 
may now be stated as 
follows: ‘'A face which O” a X 

is * parallel to a plane Fig. n.— Law of rational indices. 

whose intercepts on the 

three axes are Ha^ Kb^ Lr, where i/, K and L are whole numbers, is 
a possible face of the crystal, and for the planes which commonly 
occur, i7, K and Z are small whole numbers.’' 

For all planes parallel to a given direction, the ratio of the inter- 
cepts on the axes is the same, so that if A'B'& be a possible crystal 
face, we have from the rational intercept law enunciated 

OA'iOB'iOC' = HaiKbiLc = a/KLib/ LHic/HK 

= a/h\b/k\c/l . . - . • (0 

where I are again small whole numbers. The numbers h k I 

define the plane, to which the symbol in round brackets Qikt) may be 
given, and are called its Miller Indices after Miller who introduced 
them. The Miller indices are always whole numbers having no 
common factor, and are, for the commonly occurring faces of a crystal, 
small whole numbers. 

The Miller indices have the property that a face which is parallel 
to an axis has a corresponding index zero. A distinction must be 
made between positive and negative intercepts on the axes, the latter 
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being denoted by a bar placed over the index. For example, the 
indices (hkl)y (hU) denote two parallel faces on opposite sides of the 
crystal. 

The naming of faces is illustrated by the forms of a cubic crystal in 
Fig. 12. 



(^). — Cube {hoo} or {loo}. 




hhfN^hhh/ 

(b ). — Octahedron {hhh} or {m}. 






7 V"' 

fh/k X \ 


am 





(c ), — ^Mixture of forms {hoo}, {hho} ' 

and {hhh}, (^. — Hexakaisaoctahedron {hkl}. 

Fig. 12. — Some of the forms of a cubic crystal. 

The complete set of crystal faces identical in type which constitute 
the crystal form is denoted by the indices in curly brackets {hkl}. 
This implies all planes of the type (hkl) with the appropriate permuta- 
tions and changes of sign, e.g. (hk^, {khl)^ (klli)^ (hkl)^ etc. 

In order to understand why crystal faces grow as planes in certain 
specified directions, we shall first of all have to describe how the atoms 
or molecules in the crystals combine as a regular three-dimensional 
array to form the *‘space lattice’^ 
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The Two-Dimensional Lattice. Suppose we have a point 
which is repeated again and again at regular intervals a and b in the 
directions OA^ OB (Fig. 13^). The points can be seen to lie upon 
a regular network or two-dimensional “lattice” composed of repeating 
parallelograms or^ unit cells^ such as OACB. Any lattice point such 
as C is shared among four adjoining unit cells so that only one-quarter 
of it actually belongs to the cell OACB. But because each unit cell 
has four such points, it follows that, in all, one point belongs to each 
unit cell. There are thus just as many lattice points as there are unit 
cells, or to put it another way, there is a one to one correspondence of 
lattice points and unit cells. 

The method of determining the unit cells is not unique, even 
though the array of points or lattice is fixed. The same array of 
points can be accommodated in the network of Fig. 1 3 {F) so that in 
each case the one to one correspondence is maintained. The precise 



Fig. 13. — (^z) Simple two-dimensional array. 

(^) Alternative method of outlining unit cells- 

shape of the unit cell is quite arbitrary. The choice of cell is con- 
ditioned by symmetry considerations and by convenience. 

The same considerations apply when identical groups of points lie 
clustered round each corner of a unit cell. Each point in the group 
repeats itself in the same regular intervals 3 , so that every point on 
the original lattice is surrounded by an identical cluster of points. 
The one to one correspondence is still maintained, one group of points 
now belonging to each unit cell, which therefore contains a complete 
unit of pattern. 

Let us suppose that any one of the groups in the extended pattern 
has n points in it. We may then regard the pattern in one of two 
ways. We may consider it as built up by the group as a unit, repeated 
by pure translation in the intervals or alternatively by the inter- 
leaving of n identical lattices which have corresponding axes parallel 
and whose origins forni one of the characteristic groups of n points. 
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In crystals, the atoms or molecules form a three-dimensional unit 
of pattern and the array of points at which the pattern repeats is called 
a space lattice. The space can be divided into a vast number of parallel- 
sided unit cells, each of which contains a complete unit of pattern. 
By repeating the unit in three dimensions in a manner analogous to the 
two-dimensional lattice, the crystal is built up. There are many 
alternative ways of outlining the unit cell, some of which are shown in 
Fig. 14, each type of cell containing a complete unit of pattern and 
enclosing the same volume of space. 



Fig. 14 — Space Lattice with alternative ways of outlining the unit cell. 
(W. L. Bragg, The Crystalline State). 


Because each cell has eight corners, with each corner common to 
eight cells, we again have the one to one correspondence which was 
shown to exist in the two-dimensional lattice. 

In general, the simplest unit cell, in which the edges are made as 
short as possible, is chosen. Whenever this rule is not observed, it is 
because a more complicated unit cell may display the symmetry of the 
lattice to better advantage. 

Fig. 15 illustrates a unit cell of the most general type. This is 
defined by the edges and angles : 

OA "= a JBOC = a 

OB AOC = 

OC = c AOB = y 

ay h and c are termed the aAal lengthsy primitive translations or lattice 
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The vectors OA, OB, OC, define the axes of the crysta! 
or a^ point having the co-ordinates (rjca) measured parallel to th 
axes, there will be a similar point at 

(x + pa, y qb, z 4- rc') 
where p, q and r are whole numbers. 

Lattice Planes and Crystal Faces. In a two-dimensiona 
point array, as in Fig, 1 6, the most closely packed rows are obvious! 



Fig. 16. — Formation of rows with “simple** indices. 
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farthest apart, while rows less dense come closer together. The 
three-dimensional analogues to these rows are series of parallel sheets 
or net planes. The faces of a crystal are parallel to the net planes of 
highest atomic density. By analogy with Fig. 1 6, where the rows of 
different ‘*point’* density make relatively “simple*’ angles with each 
other^ the faces of a crystal are parallel to “simple” lattice planes which 
are richest in atoms. This is the underlying reason for the “Law of 
Rational Indices”. 

Tlie Fourteen Space Lattices. The more ideal the conditions 
under which a crystal is grown, the closer it approaches in perfection 
to a regular geometrical figure whose symmetry elements belong to 
one of the seven “systems” into which all types of crystal symmetry 
can be grouped. The crystal merely displays a symmetry which 
belongs to the three-dimensional atomic array, and it can be shown 
that the seven distinct types of symmetry are the result of fourteen 
unique types of space lattice. These are illustrated in Fig. 17. 

The seven systems with their corresponding space lattices are as 
follows: 


Crystal Type 
Triclinic or 
Anorthic 


Monoclinic 


Symmetry Elements 

Possessing no symmetry at all or at most 
a symmetry centre. In the first case, 
opposite faces of the crystal will have 
different properties, in the second, the 
same properties. 

Possessing a single two-fold axis of sym- 
metry, or a single reflexion plane. 


Rhombic or Having two symmetry planes at right 
Orthorhombic angles or three two-fold axes at right 
angles to one another. 

Hexagonal Having a single six-fold axis, single or 
alternating. 


Rhombohedral Having a single three-fold axis, 
or Trigonal 

Tetragonal Having a single four-fold axis, single or 
alternating. 


Regular or 
Cubic 


Having four three-fold axes, correspond- 
ing in direction to the diagonals of 
a cube. 


Space Lattice 
Tlnree unequal axes mak- 
ing unequal angles with 
each other (i). 


Three unequal axes, one 
of which is at right 
angles to the other two 
(2 and 3). 

Three unequal axes at right 
angles (4, 5, 6 and 7). 

Two equal axes inclined at 
1 20° and a third unequal 
axis at right angles to 
them (8). 

Three equal axes making 
equal angles with each 
other (9). 

Three axes at right angles, 
two of which are equal 
(10 and I r). 

Three equal axes at right 
angles (12, 13 and 14). 


Not all the cells outlined above are simple cells. For example, the 
cubic cells (i 3)-and (14) are not true unit cells. of the space lattice since 



Fig. 17- — ^The fourteen space lattices. 

(W. L . Bragg, T^he Crystalline State,) 

I. Triclinic. 2. Monoclinic. 3. Monoclinic, one face centred. 4. Orthorhombic. 5. Orthorhombic, 
onerface' centred, 6. “Orthorhombic, body-centred, 7. Orthorhombic, all faces centred. 8. Hexagonal. 
9. Rhombohedrad. 10. Tetragonal, IJ, Tetragonal, body-centred. 12, Cubic. 13. Cubic, body- 
centred. 14. Cubic, face-centred. 
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the former has two points associated with it (one at the centre and one 
from the corners) while the latter has four points associated with it. 
They are chosen because they display the full cubic symmetry of the 
lattice. The true unit cells are shown heavily outlined in Fig. 185 
which illustrates the three cubic space lattices. 

The face-centred cubic unit cell shown in Fig. 18 (c), can be 
derived by pulling out the simple cubic cell. Fig. 18 (a), along the 
diagonal OO' while keeping the angles between the axes at O equal, 
but no longer right angles. When the axes reach a mutual inclination 
of 6 o® 3 the lattice points rearrange themselves in a cubic manner as 



(^) 


W 



Fig. 18. — (a) Simple cubic lattice. 

(^>) Body-centred cube (a-Fe, W, Na). 

(c) Face-centred cube (y-Fe, Al, Cu, Au, Ni). 


shown in Fig. 1 8 (c). The true unit cell is the simple rhombohedron 
OAW CO' A' BG ^ but by including points from neighbouring simple 
rhombohedral unit cells, the face-centred cubic nature of the array of 
lattice points is revealed. 

The body-centred cubic lattice. Fig. 1 8 ( 3 ), is obtained when the 
mutual inclination of the axes of the true lattice is 109° 28', the cubic 
lattice points lying at the centre and corners of each cubic unit cell. 
We can also look upon the face-centred cubic lattice as being formed 
by the interleaving of four parallel simple cubic lattices, while the 
body-centred cubic lattice can be seen to be formed by the interleaving 
of two parallel simple cubic lattices. 

Miller Indices of the Lattice Planes. A series of equidistant 
parallel planes can be drawn through a crystal in such a manner that 
all the points on the space lattice will lie upon them. Let the fine 
lines of Fig. 1 9 {a) represent such a series of parallel planes, one of 
which passes through the origin O of the unit cell OABC, If the 
points Ay By and C lie upon one or other of the planes of this particular 
set, it follows that all the lattice points will lie upon this set since the 
lattice is built up by the repetition of the primitive translations OA^ 
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OjS, OC, The parallel planes must divide the axes OB^ OC 
into an integral number of parts; for example, OA is divided into 
h parts, each of length a/hy OB into k parts of length b/k and OC 
into / parts each of length c/L Such a set of parallel planes is denoted 
by the Miller indices (JikT). The Miller indices of the family of 
parallel planes in Fig. 19 {a) are (321). When a family of planes is 
parallel to one of the axes, their intercepts upon this axis must be 
infinite in length and the corresponding Miller index is zero. 
Fig. 19 (b) illustrates a family of planes with the indices (210). 




Fig, 19. — Miller indices of net planes. (<2) Planes (321). (^) Planes (210). 

It will be noticed that the Miller indices have no common factor. 
The planes (2b 2k 2/), for example, are parallel to the planes {hkT) 
but are half as far apart. Since all the lattice points can be accom- 
modated upon the planes Qikl)y it follows that every alternate plane in 
the series { 2 h 2k 2T) is void of lattice points. In other words, all 
possible lattice planes can be adequately described by a set of Miller 
indices which do not have a common factor, and the same must be 
true of the Miller indices of the crystal faces, since here only the 
relative orientations of the faces are important. 

Crystal Zones and Zone Axes. By a crystal zone we mean 
that set of non-parallel crystal faces which, produced if necessary, 
intersect each other in a series of parallel straighf lines. Thus, faces 
belonging to the same zone lie parallel to a line which is termed the 
zone axis and which defines a specific direction in the crystal. A line 
passing through one of the lattice points as origin and another neigh- 
bouring lattice point whose co-ordinates in terms of the primitive 
translations are uay vby wcy defines the direction of the zone axis \uvw]. 
The indices of the direction, which are integral, are enclosed in square 
brackets to distinguish them from the indices of a crystal face. If 
Uy Vy w are small whole numbers, the zone axis will pass through a row 
of closely packed lattice points and will lie, therefore, in one of a family 
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of equidistant net planes of high atomic density, which, as we saw 
above, forms one of the crystal faces. Now just as two intersecting 
planes can determine a zone axis, two intersecting zone axes define 
a plane and therefore a possible crystal face. If the indices of the 
zone axes are [a v w\ then the Miller indices {hkl) of the 

face which they determine are given by the relations 

h = vw' — wv^ 
k — *wu' — uw^ 

I =: UV' VU\ 

It must be borne in mind that the indices of a direction \uvw\ are not 
reciprocal lengths like the Miller indices of a crystal plane. In the 
cubic system (Fig. 20^), the direction \uv'iv] will be perpendicular to 
the planes with the same Miller indices (uvw\ but this will, in general, 
not be true for non-cubic systems. Directions of a '‘form” are 
indicated by carats 

Special Notation for the Hexagonal Lattice. The hexa- 
gonal lattice shown in Fig. 17 (8) has two equal ^^-axes inclined at 
120° and a third unequal r-axis at right angles to them. Reference 
to the lattice points in the basal plane reveals that there are actually 
three alternative ways in which the choice of ^-axes could have been 
made. To have chosen two of them arbitrarily would have failed to 
reveal the true hexagonal nature of the lattice and so in this special 
case reference is made to all three of them as well as to the r-axis- 

If the intercepts made by a lattice plane on two of the equal axes 
are a/h^ a/k^ it is easy to show that the plane makes an intercept of 

— third (Fig. 20). The indices of planes of a hexa- 

gonal lattice are therefore referred as follows to four axes : 

(y%, k^h /), or Qi ki T) 

where i = — (>4 + ^)- 

Lattice directions are also written as if they were referred to four 
axes, viz. [i 120] and <//, + ny, r > in order to indicate the hexa- 

gonal nature of the crystal. This introduces a complication in the 
indexing which is not present when the zone axes are referred to three 
co-ordinate axes. We have to derive the directional indices \un)wi^ 
from the co-ordinates of the lattice points, (^, y, r) as described below. 

The length of the vector joining the origin to a point P (j>qr) in the 
hexagonal lattice is given by the vector sum 

S = -f- qa^ + rc . 
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where and c are the primitive translations. The same vector 

referred to the four hexagonal axes az^ a^y c may be written 

S = uay^ 4- voz + waz + rc , • . . (2) 

Equations (i) and (2) must be identical. Since the vectors a^y Czy ^3 

are at 120® to each other, their sum 

+ ^3 4* ^3 = o . . . - (3) 

We may therefore substitute — (a^ + ^s) for in equation (2) and 
by comparing coefficients with equation (i) we obtain 

p = u w \ q = V — w . . • (4) 




5lpl<3 Digona! 


Fig. 20. — (a) Directions m cubic lattice. The figures in small print are the co-ordinates of 
the lattice points. 

(b) Derivation of indices of lattice plane (1233) and lattice directions [] referred to 
the four hexagonal axes iZg ^ c. 

If by analogy with the indexing of planes in the hex^onal system we 
write u ^ = — -ze?, we immediately obtain 




• (5) 


. (5) 

3 3 3 

The zone indices [uvwr] of the lattice direction through the origin 
and the point (pqr) are given by equations (5). For example, the 
co-ordinates of ^ (Fig. 20S) are (i, o, o). The indices [uvwr] of the 
direction are therefore given by 

^ 2.1 — o 2 ^ I — o I ^ i+o I ^ ^ 

3 ? ~ ”"3 ? ~ ~3 ? ~ 

Eliminating the common factor, the required indices are [2110]. 


2.1 — o 


: — r=o. 
3 
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The hexagonal axis c is the lattice direction [oooi] which is also 
normal to the basal plane (oooi). The «-axes [2TT0], [i a 10], [i 1 20] 
are axes of two-fold symmetry and are therefore referred to as the 
Digonal Axes I. In hexagonal close-packed lattices they are also the 
directions in which the atoms pack with the greatest row density. 
The lattice direction [loTo] is also an axis of two-fold symmetry and 
is consequently designated as the Digonal Axis 11 . There are three 
such axes mutually inclined at 1 20° in the basal plane. 

The Space Group. The symmetry of the crystal as a whole is 
represented by a group of symmetry elements known as the “point- 
group”. 

In addition, we also have a number of symmetry elements, collec- 
tively termed the “space-group”, which only become apparent when 
we are considering arrangements which are on the atomic scale. The 
atomic structure possesses a number of symmetry elements composed 
of symmetry centres, mirror-planes, glide-planes, screw axes and 
rotation axes, which are distributed through space as an extended 
pattern. We can imagine the symmetry elements as existing inde- 
pendently of the crystal structure. Any symmetry operation or 
lattice translation brings all the remaining, symmetry operations into 
self-coincidence. If one each of the atoms P, Q, R . . . are put in 
appropriate positions in the space-group, and each be multiplied by all 
the symmetry elements, the result will be the extended atomic struc- 
ture of the crystal. In effect, the space-group may be likened to 
a three-dimensional kaleidoscope. 

Once the space-group is known, all the possible distributions of 
points in the unit cell are easily deduced and the point group and space- 
lattice follow as a consequence of the space-group. It is also possible 
to define the crystal by giving the space-group and the position of 
certain atoms. If these are correctly chosen, the positions of all the 
other atoms can be determined immediately by the space-group 
operations. 

The number of space-groups is limited to 230. They have been 
classified by a number of different' workers. The most convenient 
compilation for the use of crystal structure analysis is that given in the 
Internationale Tabellen zur Bestimmung von Kristallstrukturen. 



CHAPTER IV 


THE DIFFRACTION OF X-RAYS BY THE CRYSTAL 

LATTICE 

The Laue EqpiatioxLS. As far as the diffraction of X-rays is 
concerned, the action of the crystal lattice is exactly the same as 
that of a three-dimensional grating. Let us first of all discuss the 
simple case of a plane uniformly ruled optical grating, and then 
extend the result to the three-dimensional case. 



Fig. 21, — ^Difiiaction by a plane grating. 

Suppose the grating to be irradiated by monochromatic light of 
wavelength A from a distant source, so that the almost plane wave- 
front falls normally upon its surface (Fig. 21). Each transparent 
aperture in the grating simultaneously becomes the source of a set 
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of cylindrical wavelets which spread out with the velocity of light 
and which have the same wavelength A as the incident radiation. 
The wavelets will combine at some distance from the grating to build 
up a series of plane wave fronts which travel away from the grating 
in the directions of their normals as a set of diffracted beams in the 
manner shown in the figure. The diffracted beams are said to be 
spectra of the zero, first, second ... or nth. order according to the 
phase changes which occur in their formation. For example, the 
wave front of the first-order spectrum is outlined by linking together 
wavelets such that the path difference for waves proceeding from 
successive apertures in the grating is one wavelength; it is zA for 
the second order and nX for the nth order. In the more general 
case, when the incident light falls on the grating whose interval is 
at an angle ao and is diffracted at an angle a, the path difference 
is then ^j!(cosa ± cosao) (Fig. 22). For the diffraction angle to be 
that of a spectrum line, the condition 

^(cos a ih cos a©) = ^A, 

where n is any integer, must be obeyed. 

A iripk set of such conditions must be 
fulfilled when the diffraction spectra are 
produced by a three-dimensional grating. 
The apertures in the ruled optical grating 
are now replaced by groups of atoms 
clustered around the lattice points which 
repeat in the intervals of the primitive 
translations c. As the X-ray beam 

sweeps through the crystal lattice, the 
regularly spaced atoms become the centres 
of spreading wavelets which combine to 
form diffracted beams with the same wavelength A as the incident ray. 

Let the three axes of the lattice have lengths c and let the 
angles between them and the direction of the incident ray be ao, /So> /o? 
and let the diffracted beam make angles a, / 5 , 7 with the axes. The 
triple set of conditions for diffraction by the three-dimensional lattice 
is given by the Laue equations: 

a(cosx zL cosao) = AA . ‘ . . . (i) 

blcos p ± cos ^o) = kX . . . • (^) 

r(cos y db cosyo) = /A , . . • ( 3 ) 

The triple set of integers Akl must be used to describe thp diffrac- 
tions produced by the crystal lattice, just as a single integer n is used 
for the simple line grating. Since this triple set of equations must 



Fig. 22.— Relation between inci- 
dent and diffracted beams. 
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be satisfied simultaneously, we can quite easily see that the occurrence 
of a difFraction spectrum from a three-dimensional lattice must be 
comparatively rare owing to the stringency of the conditions as 
compared with the simple equation for the linear grating. This is 
because the three Laue equations are not completely independent of 
each other. Since the direction of the incident beam is fixed, the 
angles ao, and y© are fixed. Let us suppose and k to be integers, 
then these fix a and and since two angles are sufficient to fix the 
direction of a line, the angle y must also be fixed. That is, the 
third equation is dependent on the first two, and if / is not an integer, 
destructive interference will occur among the diffracted waves so that 
in general no diffraction spectrum will be produced. Before a 
diffracted beam can arise, it is necessary to do one of two things, 
(a) alter the angle of incidence, or (^) alter the wavelength or use 
a continuous X-ray spectrum from which a value of A can be selected 
which will satisfy the three Laue equations simultaneously. 

The Bragg Law. When parallel light falls upon the surface 
of a mirror, it is easy to show by the well-known Huyghen’s con- 
struction that the wavelets which combine to form the plane wave 
front of the reflected ray must be in phase with each other and 
have equal optical paths. W. L. 

Bragg was able to show that 
the diffraction of X-rays by the 
three-dimensional array of lattice 
points governed by the triple set 
of Laue equations could be re- 
garded very simply as a reflexion 
of the rays in the lattice planes. 

Consider the xmit cell outlined 
in Fig, 23, which has the primitive 
translations r. The three 

Laue equations tell us that waves 
scattered by B and C are A, / 
wavelengths ahead, respectively, of the waves scattered by O. Let 
OP = a] OQ — b/k^ OR = c/L Then the waves scattered by 
P, Q, R are each one wavelength ahead of the waves scattered by O 
and consequently they are in phase with each other. By analogy 
with the reflexion of light by a mirror, this is equivalent to saying 
that the diffracted ray appears to be the reflexion of the incident ray in 
the plane P, Q, R because of the equality of optical paths. Also, since 
A, I are integers, it follows that the plane PQR must be parallel 
to a set of lattice planes which will contain all the lattice points. 



A 

Fig. 23. — Equivalence of Laue and reflexion 
conditions. 
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Fig. 24 shows a section through a series of parallel planes with 
the indices hkl which are spaced regularly at a distance d apart. 
The path difference between the reflected beams derived from the 
same incident beam and reflected at successive planes at a glancing 
angle 6 is easily seen to be MO -|- ON = 'id sin 0. For a reflexion 
to occur, this path difference must clearly be a whole number of 
wavelengths, Bragg’s law states that if a diffracted beam is pro- 
duced when a beam of X-rays passes 
through a crystal, it must be in such 
a direction that it may be con- 
sidered as derived by a reflexion of 
the incident beam from one of 
the sets of lattice planes. Such a 
reflexion will only occur if the con- 
dition 

'id = nX . . (4) 

is satisfied, where B is the glancing 
angle of incidence of the X-ray beam 
on the planes in question and d is the spacing, n being an integer. 

Many thousands of planes parallel to PQR will play their part 
in building up the reflected ray. If there is the smallest disagreement 
in phase between the beams reflected from successive planes, the 
regularity of the spacing of the planes, together with their huge 
number, will cause destructive interference. 

Laue and Miller Indices. We have shown how the Bragg 
equation 'id sin B = nX for reflexion by the planes hkl spaced a 
distance d apart is equivalent to the triple set of Laue equations 
which also defines the reflected ray. There is an important distinc- 
tion between the Laue indices hkl which define a reflexion and the 
Miller indices (Jt'k'l'') which define a set of lattice planes or a crystal 
face. We showed above in Chapter III that the Miller indices never 
have a common factor, yet they are sufficient to define a series of 
parallel lattice planes which contain all the lattice points, and also 
the crystal faces. On the other hand, the Laue indices hkl which 
define the number of wavelengths in the path difference between 
X-rays scattered at O and at the lattice points By C, may have a 
common factor. 

The Bragg law expresses the fact that when the ^th order of 
reflexion occurs from the lattice planes with the Miller indices VUV y 
there will be apath difference equal to n wavelengths for waves reflected 
at successive planes. Now since there are h! planes between O and 
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Fig. 24 . — ^Derivation of the Bragg Law. 



THE DIFFRACTION OF X-RAYS BY THE CRYSTAL LATTICE 43 

the waves scattered by A will be nh! wavelengths ahead of the 
waves scattered by O, and similarly B and C are nk and nV wave- 
lengths ahead of O. We therefore have the following relations 
between the Laue indices hkl and the Miller indices Qik'l*) of the 
reflecting planes 

h = nh* 
k = nk' 
l=nV 

In other words, a reflexion which is described by the set of Laue 
indices hkl simply means that it is the ;?th order reflexion from lattice 
planes having the Miller indices n being the common factor 

of the Laue indices. Thus reflexions with Laue indices 231, 462, 
693, are merely the ist, 2nd and 
3rd order reflexions from planes 
with the Millerian indices (231). 

As is customary in descriptive 
crystallography, the Miller in- 
dices {hkt) will be put in brackets 
and the indices of a reflexion 
will simply be given as hkl with- 
out brackets. 

The Relation between the 
Interplanar Distance and the 
Lattice Parameters. Con- 
sider the set of parallel planes 
having the Miller indices (h'k*l*^ 
belonging to the space lattice 
which has primitive translations 
or lattice parameters c 

(Fig. 25). The normal N drawn 
from the origin to the set of 
planes intersects the plane near- 
est the origin at a distance d 
which is the same as the per- 
pendicular distance between 
adjacent planes in the set. If the direction cosines of the normal 
are cos a, cos ^ and cos y, then the interplanar distance is given by 

d = cosa = cosfi = cosy . . . {$) 

and therefore it follows that 

J = cos* a + cos* + cos* y. 
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By taking into account the relations between the direction cosines 
and the angles between the axes, we obtain formulae for the inter- 
planar spacings in any crystal system. For example, in the cubic 
system, where the lattice parameters 3, c form an orthogonal set, 
and are equal in length, equation (5) becomes 

d^\(^ + -b = cos® a -f cos® ^ -h cos® 7 = i . (6) 

and hence 

a = . . . ( 7 ) 

We can now express the Bragg angle as a function of the Miller 
indices and the axes of the lattice. For a cubic crystal, the condition 
for a reflexion id sin 6 = nX may be written 

VW + _K)®-K«/0® ^ . . (8) 

1 sin d 

The use of Laue indices k = nk', k = nk\ I = nl' is to be preferred, 
and equation (8) simply becomes 

_ ^ a/A® -j- ^® “b /® 

2 sml 

Values of A® -f /^® -b or TA®, for cubic crystals are given in 
the Appendix. Not only do the spectra become increasingly dilRcult 
to interpret and index as the symmetry of the crystal is lowered, but 
the formulae for determining the lattice parameters become pro- 
gressively complicated. 

In the most general case, the iriterplanar distance d for planes 
with indices hkl can be computed from the volume V of the unit 
cell and the following relations between the lattice parameters h, r, 
and the angles a, 7, between the edges of the unit cell: 

= <a®^£®(i — cos®a — cos®^ — cos®7 -|- 2 cosoc cos/S cosy), 
d",! = sin®« Sii = ahc'^ (cos a cos/9 — cosy) 

sin®/9 d'ga = aHc (cos/9 cosy — cos a) 

sin®y = ab^c (cos y cos a — cos /9) 

Using these relations and the Bragg equation id sin 6 = »A, we 
obtain the formulae given in Table II for the various lattices. 
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Cubic 


Hexagonal 


Tetragonal 


Orthorhombic 


TABLE II 

Table of Interplanar Spacings 

l_ ^ /2 

sin^d 


© 2 + P + /2 



Rhombohedral 


I -j- + / 2 ) sin^ a + + i/ + /^)(cos 2 a — cos a) 

</2 a%i — 3 cos® a + 2 cos® a) 



+ i® 4" sin® a + kl / 5 /)(cos® a — cos a) 

tf®(i — 3 cos® a + 2 cos ®a) 


By changing the axes and re-indexing the planes, it is often convenient to refer 
rhombohedral crystals to hexagonal axes, but the new unit cell will not be the 
simplest unit of structure. 

Monoclinic 

I _ 4 - ^ — 2 i/cos /3 

tf®sin®^ r®sin®^ acshx^^ 

. _ AVr_Jl_ . i* . zA/cos^ ] 

^2^ ^tf®sin®^ 3® r®sin®^ <jrsin®j5j 


^ ^*22^^ “1" -^83^ “f" -j- 4“ 'ISyJtl} 

sin®0 = “f" + 2 ^ 12 ^^ 4" 2%^^ 4- 2 ^ 12 ^/}. 


Triclinic 



Chapter v 


EXPERIMENTAL METHODS OF OBTAINING 
DIFFRACTION PATTERNS 

Since the discovery of the diffraction of X-rays by the crystal lattice 
by Laue, Friedrich and Knipping, numerous methods of obtaining 
and recording the diffracted beams have been devised. Each method 
has been evolved in order to simplify the recording or the interpre- 
tation of the diffraction pattern, to emphasize some special feature, 
or to overcome difficulties experienced in obtaining diffraction 
patterns from the abundant variety of specimens which have to be 
investigated. It is our object to describe only a limited number of 
these methods, confining ourselves to those which have been out- 
standingly useful in metallographic studies. Many of these methods 
were originally devised for the purpose of determining the atomic 
arrangements in the crystals, but in metallurgy, where the arrange- 
ment is often known in advance, they are used for problems con- 
nected with the structures rather than for structure determination. 
The Laue Method. In the Laue method, the experimental 
arrangement is extremely simple. A heterogenous beam of X-rays 
is limited to a fine pencil about 0*5 mm. in diameter by means of pin- 
holes in lead screens and falls upon 
a thin slice of stationary crystal. 
The unabsorbed transmitted beam 
impinges normally upon a photo- 
graphic plate or film, wrapped in 
black paper, yielding an intense 
centre-spot which is surrounded by 
a pattern of spots produced by the 
various diffracted beams. Such a 
“Laue” pattern obtained by G. L. 
Clark from a single crystal of 
iron is illustrated in Fig. 26. A 
fundamental property of the Laue 
photograph is the symmetry of the 
pattern which reveals the symmetry 
of the crystal. Another feature is 
that the spots lie at the points of 
intersection of a series of ellipses 
46 



Fig. 26. — ^Laue photograph of iron crystal. 
X-ray beam normal to cube face. Pat- 
tern reveals the four-fold symmetry of 
the lattice. 

(G. L. Clark.) 
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having one end of their major axis at the centre spot (Fig. 27).. 
Since the transmitted beam is usually very strong, the photograph 
would be seriously fogged by the scattered X-rays and photo-electrons 
produced when the beam strikes the film. This difficulty is over- 
come by placing a small disc of lead over the plate at the position 
of the centre spot, which strongly absorbs the main transmitted beam 
without causing serious scatter. If film is used, it is customary to 
punch a small hole through the centre of the film, thus allowing 
the direct beam to pass through the film without striking it. 

We saw in Chapter III that in order to obtain a reflexion by 
waves of wavelength A, the Bragg condition nX = 2^ sin B must always 



Fig. 27. — Production of Laue photograph. A series of spots on a given ellipse is formed by a 
set of planes lying parallel to a common zone axis, such as ZCP, 


be satisfied. Now since in the Laue method the direction of the 
X-ray beam is fixed and the crystal is stationary, the angles made 
by the incident beam with every possible set of reflecting planes are 
fixed in advance. The only variables are n and A. If A were fixed, 
reflexions would be purely a matter of chance and their occurrence 
would be extremely rare, because n must be an integer before a 
reflexion can be produced. The essence of the Laue method lies 
in the use of heterogeneous or “white*' radiation, usually from a 
tungsten or platinum target, which emits a continuous spectrum over 
a wide range of A's. The wavelength is consequently continuously 
variable, and it is therefore possible to find discrete values of A which 
satisfy the Bragg condition whatever the orientation of the lattice 
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planes. In other words, with white radiation, the crystal planes 
behave just like a simple mirror reflecting X-rays whatever their 
angle of incidence. 

In a crystal, we find families of lattice planes which are parallel 
to a given direction. Such a set of planes is said to belong to the 
same zone, and the common direction is said to constitute the zone 
axis. All the Laue spots lying upon a given ellipse are produced 
by reflexions from planes parallel to a common zone axis. 

Consider the planes parallel to the zone axis ZCP which lies at 
an angle B to the incident beam (Fig. 27). The reflected rays must 
also lie at an angle B to each plane, and therefore at an angle B to the 
zone axis, thus lying on the surface of a cone of semi-vertical angle 6 , 
The trace of the cone on the photographic plate is an ellipse with 
one extremity of its major axis lying on the centre spot. Because a 
crystal plane can be parallel to two zone axes, each reflexion spot 
must be common to two reflexion ellipses and lies therefore at their 
point of intersection. 

The sharpness of the spots is controlled by the sharpness of the 
focal spot and the diameter of the pinholes in the collimator system. 
The smaller the diameter of the pinholes and the farther apart they 
are spaced, the sharper the spots become and the clearer the detail 
in the Laue photograph. However, too big a collimator length or 
too small a pinhole diameter merely produces an unduly long exposure 
time. A convenient collimator length and specimen-film distance 
is of the order of 5 cm. with a pinhole diameter of 0-5 to i*o mm. 
Spots which occur where the reflected beams strike the film very 
obliquely often appear doubled. This is because modern high-speed 
‘‘dupletized’’ X-ray film is coated with an emulsion on each side and 
each reflected beam produces a spot in the emulsion of each side of 
the film, which to the eye appear out of alignment. Because the 
minimum value of the wavelength is controlled by the voltage applied 
to the tube (page 9), there will be a well-defined minimum value 
of 6 at which reflexions occur, whatever the nature of the specimen. 
For this reason, the pattern of spots in the Laue photograph is cut 
oflf sharply at a definite distance from the centre spot. 

As far as the determination of the atomic arrangement within 
the crystal is concerned, the Laue photograph is difficult to use 
because each spot is made up of several overlapping orders of different 
wavelength, each of which has a different photographic effect on the 
film. That is, the intensities of the spots do not depend on the 
structure alone, but on the distribution of energy in the continuous 
X-ray spectrum and the spectral sensitivity of the X-ray film. Never- 



EXPERIMENTAL METHODS OF OBTAINING DIFFRACTION PATTERNS 49 

theless, the Laue photograph has been used with great success for 
the elucidation of crystal structures, although simpler and more 
powerful methods of structure analysis in which monochromatic radia- 
tion is employed have been developed. This does not mean that 
as far as metallographic investigation is concerned, the Laue photo- 
graph is of little importance. On the contrary, the Laue method 
in a modified form oiffers a very useful means of studying the dis- 
tortion of metal crystals, of investigating rolling and drawing textures 
and studying grain size and crystal fragmentation. These topics 
will be dealt wTth in later chapters. All that need be mentioned 
here is that it is not always necessarj^ to make detailed measurements 
and lengthy calculations in order to interpret the photographs. Very 
often, all that is required is a series of photographs corresponding 
to known states of the metal. Simple comparison of photographs 
from specimens under investigation with those from carefully prepared 
standards will often yield extremely valuable information. 

Surface Reflexion Methods. In our discussion of the Laue 
method, "we saw that the angle of incidence d was kept fixed, and, in 
order to satisfy the reflexion condition, the wavelength A had to be 
varied, and so polychromatic radiation was employed. All the other 



(a) Packing model showing relative sizes of Na (black) and Cl (white) ions. 
(i») Open model representing ion centres. 


methods of X-ray analysis make use of a constant value of A and 
vary 6 until the reflexion condition is fulfilled. The original method, 
using monochromatic radiation, was founded directly upon the idea 
of the ^‘reflexion’’ of X-rays by a set of crystal planes. In 1913, 
W. L. Bragg made use of the ionization chamber, which his father 

c 
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had just invented, to detect and measure quantitatively the intensities 
and directions of the rays reflected by the lattice planes parallel to 
the faces of a natural sodium chloride (rock-salt) crystal (Fig. 28). 
These measurements enabled him to calculate with certainty the 
atomic arrangement of the Na and Cl ions in the rock-salt structure 
which had been postulated many years previously on theoretical 
grounds by Barlow, In addition, by using the atomic weights of 
sodium and chlorine, the density of the sodium chloride crystal and 



Fig. 29 . — ^The X-Ray Spectrometer. 

=: Slits. A — Aluminium foil window. I = Ionization chamber, C = Crystal. 
E =s Collector connected to electrometer. 


the Avogadro number, he was able to derive the dimensional scale 
upon which the structure was built (i.e. the lattice spacing) as distinct 
from the geometrical arrangement of the atoms. 

With the establishment of the atomic pattern from the X-ray- 
data and the determination of the lattice spacing, it was then possible 
to deduce the wavelength of the radiation emitted by the tube. The 
experimental arrangement is shown diagrammatically in Fig. 29. 

The crystal is mounted in the centre of a spectrometer table, 
while an ionization chamber filled with methyl bromide, which is a 
heavy gas easily ionized by X-rays, takes the place of the telescope. 
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The ionization chamber is slowly rotated at the same time and at 
twice the speed of the crystal until a reflexion “flashes"" out at the 
Bragg angle when the condition 'id sin B — nX is satisfied. The 
degree of ionization produced by the reflected X-ray beam is recorded 
by a sensitive electrometer connected with the electrode of the ioniza- 
tion chamber, and thus a very accurate measure of the absolute 
intensity of the X-ray energy in the reflected beam is obtained. The 
positions of the spectra are read on the angular scale of the spectro- 
meter table. 

The spectra can only be detected one at a time, which makes 
work with the ionization chamber extremely slow. For the solution 
of difficult structures, which necessitate absolute and not relative 
measurements of intensity, the method is unrivalled. Fortunately, 
the structures of the commercially important metals and alloys are 



The specimen is usually oscillated through a few degrees or given a translatory motion in its own plane. 

comparatively simple, and speedier methods of investigation can be 
employed which, nevertheless, retain certain features of the ionization 
chamber method. An extremely important modification, often used 
in the study of grain orientation, occurs where the ionization chamber 
is replaced by a photographic film which records several of the 
reflected beams simultaneously (Fig. 30). 

If the specimen consists of a plate of polycrystalline metal having 
a number of crystals irradiated by the X-ray beam, some of these 
can be rotated into a reflecting position by rocking the specimen 
through a limited range of angles while maintaining the film in a 
fixed position. This procedure finds a number of variants. In one, 
both specimen and film are kept fixed with respect to each other, 
while in another variation, the specimen is kept fixed while the film 
is moved. A third variation, where the film and specimen are 
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oscillated together, -is also employed. Which method is adopted 
depends, of course, entirely upon the nature of the problem to be 
solved and the type of specimen available for examination. 

It is very important to realize that when we talk about mono- 
chromatic radiation, we usually mean the filtered Ka doublet which is 
superimposed upon a relatively weak background of white radiation. 
If the specimen is held stationary, we obtain a weak Laue pattern 
from each crystal in the poly crystalline specimen. The X-ray photo- 
graph will thus consist of a strong pattern of spots produced by the 
intense monochromatic component, together with a relatively feeble 
background of Laue spots corresponding to several superimposed 
Laue photographs. Oscillation of the specimen through compara- 
tively small angles is sufficient to destroy the “Laue background”, 
since the positions of the Laue spots change continuously with the 
setting of the crystals, while the reflexions produced by the mono- 
chromatic portion of the radiation must flash out at definite angles 
with respect to the imdeviated beam. 

The Rotating Ci^stal Method. Of all the methods of obtain- 
ing a record of the spectra for the purpose of structure analysis, 
the most useful and most widely used is that of the rotation photo- 
graph. It is necessary to employ a small single crystal, whose 
dimensions are but a fraction of a millimetre, so that it is completely 
bathed in radiation and gives a pattern of sharp spots on the film. 
Because of its comparative simplicity, the space lattice and rpace 
group can be obtained in a relatively straightforward manner, leading 
finally to a determination of the exact atomic positions by the use 
of the relative intensities of the large number of diffraction spots on 
the photograph. 

Suppose monochromatic X-rays, confined to a very narrow pencil, 
fall upon a single crystal which is so small that the incident radiation 
is not completely absorbed. By setting the crystal in slow rotation 
about a fixed axis, a large number of lattice planes will move in turn 
into reflecting positions and the diffracted beams will flash out 
momentarily as the crystal passes through the appropriate Bragg 
angles, producing a pattern of spots known as a rotation photograph 
upon a plate set to receive the reflexions. The plate is set a few 
centimetres from the crystal with its plane perpendicular to the incident 
beam. An alternative method is to receive the pattern of spots upon 
a cylindrical film whose axis is the axis of rotation of the crystal. 

In the rotating crystal method, the crystal is set up so that an 
important zone axis is parallel to the axis of rotation. The incident 
beam is perpendicular to this axis. Let A and B (Fig, 31) represent 
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the distance between successive lattice points along the zone axis 
about which the crystal is rotated. The Laue condition for diffraction 
to take place is that the path difference for rays scattered by A and B 
should be an integral number of wavelengths. 



If, for example, the crystal should be mounted with the r-axis 
parallel to the axis of rotation, then a spectrum will be formed in a 
direction making an angle <f> with the r-axis, such that 

c cos 4> = /A, 

c being the lattice spacing parallel to the c-axis and / a whole number. 
The diffracted beams must lie, therefore, on the surfaces of a family 
of cones ; these cones will have the crystal as vertex and the rotation 
axis as a common axis. Their semi-vertical angles ^ are obtained 
by putting / = o, i, 2, ... — i, — 2 in the relation c cos<f> — /A. 
This family of cones will intersect the photographic plate in a series 
of hyperbolas, and therefore the spots in the rotation photograph 
must be on this series of hyperbolas or layer-lines^ as they are called. 
These layer-lines are denoted by the value of the integer I to which 
they correspond. Planes parallel to the ^-axis reflect the X-rays 
horizontally, and thus the spots which correspond to the hko reflexions 
form a horizontal row on the plate, running through the central spot. 
Since / = o, this is termed the zero layer-line. These reflexions 
with / == I, i.e. hki^ are thrown upwards, making an angle <f>i with 
the vertical given by 

€ cos <f>i = A 

and these constitute the first layer-line. It is quite clear from the 
above that the vertical spacing of the layer-lines depends only upon 
the identity period between the lattice points which lie on the zone 
axis about which the crystal is rotated. This period can be directly 
calculated from the vertical interval between the layer-lines on the 
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photograph and the distance of the plate from the specimen which 
yield the angle <f>. 

If rotation photographs are taken about all three axes separately, 
the spacings b and and hence the dimensions of the unit cell, 
can be determined. It is seldom that the specimen is taken through 
a complete rotation of 360° since this results in a considerable number 
of spots. It is more usual to rotate the specimen backwards and 
forwards by a cam mechanism through an angular range of 20^ or 
30° in order to limit the spots on any one photograph to those of 
certain indices. 

If the crystal has its a and h directions perpendicular to the 
r-direction which is being used as the rotation axis, the diffraction 
spots which lie horizontally on the layer-lines are also found to lie 
on a set of curves transverse to them, which are designated row-lines. 
All the points on a common layer-line have the same value of /, while 
all the points on a common row-line have the same values of h and k. 
For example, 040, 041, 042, 043, 044, etc., all lie on the same row- 
line, while the spots 013, 023, 033, 043, etc., all lie on the third 
layer-line distant from the zero order layer-line passing through the 
centre spot. 

When a metal, which usually consists of a randomly oriented 
mass of polycrystals, is subjected to a drawing process and turned 
into wire, the crystals are rotated so that important zone axes take 
up preferential orientations in the direction of drawing. Rotation 
photographs taken with the drawing or “fibre’^ direction as the axis 
of rotation are strikingly similar to the pattern of a single crystal 
rotated about the same axis (cf. Chapter X). From such a fibre 
diagram the extent of the preferred orientation of the crystals at 
various depths in the wire can be deduced by the simple expedient 
of dissolving away the outer layers of the wire. Similarly, the fibre 
texture of rolled metal sheet can also be determined by means of 
rotation photographs. All these fibre patterns are seldom perfect 
since the crystals have their zone axes oriented with a definite scatter 
about some mean position. The fibre pattern is a cross between 
the single crystal rotation photograph and the “Powder Photograph”, 
to be discussed in the next section. 

Tlie Powder Method. The powder method discovered by 
Debye and Scherrer, and independently by Hull, satisfies the need of 
a technique for studying crystals which are normally too small to 
be examined by the ionization chamber or by the rotating single 
crystal method, for many crystalline solids only exist in a fine state 
"of sub-division or as a conglomerate mass of minute polycrystals. 
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A powder photograph * is obtained by allowing a narrow beam 
of monochromatic X-rays to fall upon a small specimen of the powder 
under investigation. Since the orientations of the crystal fragments 
are perfectly random, a certain number of them will be in such a 
direction that the Bragg condition for reflexion is satisfied. The 
crystal fragments giving rise to these reflexions must each be set at 
a grazing angle 6 to the incident beam, although each may have any 
orientation about the incident beam as axis. The result is that the 
diffracted beams with the same indices hkl all lie upon the surface 
of a cone which has a semi-vertical angle 20. Each diffraction hkl 
is recorded upon a flat plate, or upon a cylindrical film. When a 
flat plate or film is used, each diffraction hkl is recorded as a circular 
diffraction halo surrounding a central spot (Fig. 32). Only a limited 



Fig. 32. — Debye-Scherrer Rings on a llat film from a powder specimen with a face-centred 

cubic lattice. 


number of diffraction haloes restricted to the lower orders can be 
accommodated upon a flat plate, and when the highest orders are 
required to be recorded, namely when B approaches an angle of 90°, 
the flat film is interposed between the X-ray target and the specimen, 
with the collimator tube passing through the centre of the film. 
The pattern so obtained is known as a back-reflexion photograph. 
Its greatest use lies in the precision determination of lattice spacings. 
A typical back-reflexion camera, manufactured by the Victor Cor- 
poration, is illustrated in Fig. 33. 

Transmission and back-reflexion photographs suffer from the 

* Tke term powder photograph is here used to cover diffraction patterns obtained from 
actual powders or from polycrystalline solid aggregates. The essential feature is that the 
large number of small crystals in the irradiated portion give rise to well-defined diffractioii 
haloes^ 
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defect that only a portion of the available pattern can be recorded 
upon each film. When it is required to make a record of the whole 
spectrum, the film is curved into a narrow cylinder concentric with 



Fig. 33 {a ), — Principle of Back-Reflexion Method. 



Fig. 33 (b). — typical|Back-Reflexion X-Ray Camera. 
{Victor X~Ray Corporation.) 

The X-ray tube is on the right of the picture. 


the specimen. This enables the high and low orders to be registered 
simultaneously on the one film, which, when unrolled, presents a 
complete pattern of lines in a convenient strip-like form strongly 
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reminiscent of an optical line spectrum. The experimental arrange- 
ment is illustrated in Fig. 34. 



Fig. 34 . — Formation of a Debye-Scberrer powder photograph on a cylindrical film. 


Fig. 35 illustrates a typical i g-cm.-diameter Debye-Scherrer 
camera of the Bradley type, manufactured by Unicam. Photographs 
taken with this type of apparatus with radiation emitted by a Metro- 
politan-Vickers Raymax tube are illustrated in Fig. 36. 

The Debye-Scherrer pattern is created in a manner fundamentally 
different from its analogue produced by an optical spectrograph. In 
the latter case, each individual atom in a source heated to incandes- 
cence, emits a series of discrete wavelengths each of which corresponds 
to an energy jump by the electrons in the outer shells of the excited 
atoms. The prism or grating of the spectrograph sorts these wave- 
lengths out and records them as a pattern of lines in ascending order 
of wavelength. Thus each line in the optical spectrum corresponds 
to only one particular wavelength emitted by the source. Although 
such a spectrum may consist of several hundred lines, each element 
emits an entirely different set of wavelengths, and so it is possible 
to ascertain the presence of any one of the constituent atoms in the 
source with absolute certainty merely by identifying one or two 
characteristic lines. 

In producing the Debye-Scherrer photograph, only one wave- 
length is used. Each line in the pattern is produced by the co- 
operative effort of all the different atoms in the crystal lattice, and 
not by any single atom acting individually. Since no two substances 
are alike, no two Debye-Scherrer patterns are the same in all details. 
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and therefore each Debye-Scherrer pattern is characteristic of an 
individual compound. Thus the powder method presents a means 
whereby a compound may be identified with the same assurance as 
the identification of an element with the aid of the optical spectro- 
graph. It is necessary to point out that a single line is in itself 
insufficient for complete identification, for the degree of resolution is 
much lower than in the optical analogue, and the line in question 
may belong to one of several possible substances. The process of 
identification is therefore more complicated with the powder method, 
for it becomes essential to account for the pattern as a whole. This 
is accomplished most easily by taking a series of standard photographs 
of known substances and making a direct comparison of the patterns 
with that of the unknown. Should the unknown consist of a mixture 
of two or more substances, each will record an independent pattern 
of lines. The two intermingling patterns may be disentangled quite 
easily if standard comparison photographs of the individual sub- 
stances are available. 

A card index of the most important lines for several hundred 
substances has been prepared by the American Society for Testing 
Materials with the co-operation of the Cavendish Laboratory, and a 
list of crystallographic data for 1,000 substances has been compiled 
by J. D. Hanawalt of the Dow Chemical Corporation. These 
should be of immense assistance in the identification of unknown 
substances by means of the powder method, particularly in those 
laboratories where the number of standard patterns in the files is 
inadequate for direct comparisons to be made. 

The powder method is of considerable value in the study of com- 
plicated alloy thermal equilibrium diagrams where the recognition 
of new phases by microscopic methods is difficult. Any changes 
within the crystal lattice are readily followed by X-ray methods, and 
this enables points of detail to be incorporated in an equilibrium 
diagram which pass unrecognized by the microscope. 

Transmission and back-reflexion Debye-Scherrer patterns are 
employed for the study of grain size, lattice distortion and crystal 
orientation. Each method possesses certain advantages, but the one 
to be adopted will be immediately apparent to the investigator from 
the nature of the problem. For example, a massive block of metal 
which must be examined in the “as received’’ condition would clearly 
be investigated by the back-reflexion or surface reflexion method. 

Finally, and perhaps most important of all, the powder method 
may be used for the elucidation of the atomic arrangements in crystals. 
Its range is restricted principally to crystals with a high degree of 
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symmetry such as cubic, hexagonal and tetragonal. Crystals with 
low symmetry yield such complicated patterns that their internal 
structures can only be investigated by the more powerful single 
crystal methods. 

The Preparation of Cylindrical Powder Specimens for 
Debye-Scherrer Work. Specimens of ductile alloys are most con- 
veniently obtained by filing the ingots of metal gently with a scrupu- 
lously clean sharp jeweller’s file or by drilling with a high-speed steel 
drill. Care must be taken to generate as little heat as possible during 
this operation. Brittle alloys are readily powdered in a small hardened 
steel rock crusher and then finely ground under ether or toluene in 
an agate mortar. Any impurity picked up in the preparatory stages 
gives rise to its own interference pattern in the powder photograph 
and may lead to confusion in its interpretation unless removed or 
prevented. 

The powder, having been sieved, is heat-treated to remove the 
lattice distortion introduced by the cold-work during its preparation 
and to bring it into thermal equilibrium corresponding to a prescribed 
temperature. It is then mixed with Canada balsam into a thick paste 
and coated on a hair or fine glass fibre clamped in a special holder, 
forming a smooth cylinder some 0*25-0*5 mm. thick, and about 
I cm. long. The hair is kept taut with a small lead weight sus- 
pended well below the beam incident on the specimen. This ensures 
that when the camera is level, the specimen is automatically parallel 
to the camera’s axis, which would not necessarily be the case if a 
rigid specimen were used. 

The greatest precautions must be observed in the preparation 
of the specimen, for, because of the minute amount of material irra- 
diated by the X-ray beam, any faults in technique at this stage will 
inevitably seriously diminish the amount of information to be obtained 
from the X-ray photograph and may even lead to serious errors in 
its interpretation. Care must be taken to ensure that the powder is 
truly representative of the bulk of the material from which it is 
obtained. All the powder should go through the finest sieve 
employed. This is to avoid differential sieving whereby a brittle 
constituent in a two-phase^ alloy passes through the meshes of the 
sieve, leaving the main bulk of the more ductile phase behind. 

The sharpest and most informative powder photographs are 
obtained when the powder has been passed through a sieve of about 
350 meshes per linear inch, and when the specimen is steadily rotated 
without any wobble about its axis for the whole of the exposure period. 
Stopping the rotation for as little as a minute results in spotty lines. 
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Rotation ensures that as many crystal fragments as possible are given 
a chance to reflect, which would not be the case if the specimen were 
kept stationary. By taking these precautions, the sharpness and 
smoothness of the lines enables accurate measurements of their 
positions by means of a travelling microscope to be made, and in 
addition a high accuracy in the photoelectric determination of the line 
intensities can be obtained. If, however, the specimen is coarsely 
crystalline and stationary, then instead of smooth, continuous spectrum 
lines, the haloes are broken up into a series of dots or streaks which 
are useless for precision work. For ordinary identification work, 
however, sieving through lOO mesh or finer gauze is quite sufficient 
provided that the specimen is rotated continuously throughout the 
exposure period. 

When very light elements or light alloys are being examined, the 
broad diffraction haloes from the amorphous Canada balsam adhesive 
have an intensity comparable with the lines of the main alloy pattern 
and can be an objectionable feature on the photograph. Other 
methods of specimen making must then be resorted to. The author 
has found it convenient to damp the finely sieved powder with a 
dilute solution of seccotine in water. The resulting paste is forced 
into a thick-walled glass capillary tube of some 0*3 mm. internal 
diameter lubricated with a trace of Cenco pump oil. The specimen 
is then pushed out of the tube with a length of piano wire and gently 
dried for a few minutes on a watch glass in an oven at 50-100° C. 
The tiny cylindrical specimen is extremely fragile and must be handled 
very carefully when fixing it with plasticine or soft wax to the rotation 
holder of the X-ray camera. Very thin-walled tubes of Lindemann 
glass made by fusing together lithium carbonate and boric oxide are 
sometimes used to hold the powder. The tubes are difficult to make 
and fill and the X-rays scattered by them tend to increase the density 
of the background of the powder photograph. They are best 
employed when the specimen is readily attacked by air. For high 
temperature work, where oxidation of the specimen must be pre- 
vented, thin-walled silica tubes have proved very satisfactory. 

The Identihcation of the Spectra on the Powder Photograph. 
The lines on the powder photograph are identified by finding by 
trial a unit cell such that the reflexions in the planes hkl will give 
the same values of sin^ 0 as is found by measurement of the film. 

Since in the case of a cubic crystal 

_ A Y + 

\J sin^ 6 




{Ccurte:y of''Electr:ccd Times J’’) 

Fig. 35. Cylindrical type camera of 19-cm. diameter, for recording X-rav powdered cnystai 

photographs. (Unicam Ltd.} 
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{Courtesy Dr. A. y . Br adiey, F .R.S., C a^'endisk Ldbortttory^ CanthrAge.'^^ 

Fig. 36. Powder photographs taken in 19-cni. diameter Debve-Scherrer camera. 

(j) Aluminium, Cobalt K.a radiation. Face-centred cubic pattern. 

{b) Iron, Cobalt Ka radiation. Body-centred cubic pattern. 

(r) Zinc, Copper Ka radiation. Hexagonal close-packed pattern. 

{Reproduced 5 full srze.) 


[Facing page 60. 



{a) Rotation photograph. Diameter of camera, lo cm. Radiation, Cobalt Ka. Oscillation, 30°, 



{h) Debye-Scherrer photograph. Diameter of camera, 19 cm. Radiation, Cobalt Ka. Note the 
intensity calibration steps on the edge of the film as described in Chapter VI. 


Fig. 37.— Comparison of single crystal and powder patterns of FejNijAljg. 


EXPERIMENTAL METHODS OF OBTAINING DIFFRACTION PATTERNS 6 1 

we merely have to find values of the integer or Zh? 

such that the ratios 

^ ^ 

= a constant. 

sin^ 6 

Actually^ with most cubic crystals, a little experience enables the 
experimenter to index the lines at sight. 

As the symmetry of the crystals becomes progressively less, the 
powder photographs become increasingly more complex. Hex- 
agonal, rhombohedral and tetragonal crystals involve a cell edge and 
an axial ratio. It is possible to identify the lines in their photographs by 
means of Hull charts, as described in the Appendix. With crystals 
of still lower symmetry, the number of lines becomes very large. It 
is possible to identify the lines if anything is known about the unit 
cell from other sources. 

Should it be necessary to account for all the lines in the pattern 
in order to establish with certainty whether the alloy is single phase 
or not, after comparison methods^ave failed, a series of single crystal 
rotation photographs should, if possible, be taken, from which the 
dimensions of the unit cell may be computed. From these dimen- 
sions, all possible sin^ 6 values can be obtained for comparison with 
those found by measuring the powder diagram. A single crystal 
rotation photograph of FegNisAlgg taken with Co Ka radiation in 
a lo-cm. diameter camera is shown in Fig. 37 with a powder photo- 
graph of the same alloy taken in a 19-cm. Debye-Scherrer camera. 
The task of indexing the reflexion spots in the single crystal photo- 
graph is much simpler than in the corresponding powder diagram. 

Typical Cylindrical Debye-Scherrer Cameras. The earliest 
crystallographic X-ray tubes had very small outputs and exposure 
times were often extremely long, often running into hundreds of 
hours in the more extreme cases. In order to keep exposure times 
down to an absolute minimum, the cameras tended to be rather small, 
seldom exceeding 5 or 6 cm. in diameter, but in recent years, as the 
performance of X-ray tubes has improved, and the problems to be 
elucidated by the powder method have necessitated the study of 
increasingly more complex photographs, cameras of larger diameter 
and higher resolving power have been developed which keep the 
exposure period down to a reasonable time. The use of 9- and 
1 9-cm. diameter Debye-Scherrer cameras is now standard in a number 
of X-ray laboratories in this country, while for exceedingly complex 
patterns a 35-cm. diameter camera has been put into use. 

. For examining specimens which yield simple powder patterns it 
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is unnecessary to use a camera of larger diameter than 9 cm. This 
in turn entails a great saving in the exposure period. In a sense, the 
approach is analogous to the technique employed with a microscope 
where it is undesirable to use a higher magnification than is absolutely 
necessary. 

The Bradley 19-cm. Diameter Camera. Fig. 38 , taken 
from a paper by A. J, Bradley,^^^^ shows the details of a typical Debye- 
Scherrer camera in plan and section. A circular base mounted on 



Fig. 38. — Plan and vertical section of 19-cm. camera. 
(A. J. Bradley, Journal of Scientijic Instruments, i8,'i94X.) 


three levelling screws, 5, carries a light-tight cover, C. To the base, A^ 
are rigidly attached two blocks, one, Z), carrying the collimator system 
and the other, Z, acting as a trap to catch the undifFracted beam. 
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These blocks are channelled at the sides to allow as large a part 
as possible of the diffraction pattern to be recorded. Mounted on 
top of the blocks D and £ is a circular flanged plate, F, accurately 
coaxial with A and forming, with a flange of the same diameter as yf, 
a cylinder on the surface of which the film is mounted. Four large 
holes are symmetrically cut in F in order to allow easy access to the 
interior of the camera. F also carries in its centre the bearing G, 
for the rotating specimen holder, and a small circular spirit level. 
The specimen holder may be easily removed from the bearing. 

The Collimator System. To take full advantage of the out- 
put of the X-ray tube without affecting the sharpness of the lines, 
three conditions must be fulfilled. First, the specimen must not be 
too broad; secondly, the camera must be so adjusted that the rays 
are taken from the target at a grazing angle; and thirdly, the height 
of the specimen illuminated must not be too small, which would 
result in unduly long exposures, or too great, which would result in 
line broadening. When the second condition is fulfilled, the rays 
may be considered as diverging from a point or vertical line source. 
In fulfilment of the third condition, the beam is limited by a slit, X, 
of which the height is 4 mm.; the width is not so important, but it 
has been found inconvenient to work with a slit narrower than 0*8 mm. 

The construction of the slit is shown in Fig. 39 (^). It is made 
separate from the rest of the camera since its dimensions are rather 
critical and it may need to be adjusted. This applies particularly to 
the side pieces, Z,, which serve to prevent any radiation diffracted by 
the slit from reaching the film. These side pieces should be as close 
as possible to each other without actually fouling the incident beam. 

The Rotation Head. The construction of the rotation head or 
specimen holder is shown in section, i/, in Fig. 38 and in plan in 
Fig. 39 (^). The specimen is held in a small clamp, Af, which is 
screwed into the bottom of a square block- In two perpendicular 
channels in the top of this block work two discs rigidly fastened by 
two screws, iV, The rotation of either of these screws will thus move 
the block in a direction parallel to the screw axis, and so motion of 
the specimen in the two perpendicular directions is readily obtained. 
A spring in a recess in the top of the block, butting against the cover 
of the rotation head, prevents tilting during movement. 

The clamp, may be replaced by a drilled screwed rod for 
holding rigid specimens. Powder specimens are usually mounted 
as shown in Fig. 38, on a hair held taut with a small lead weight. 
The powder to be examined is made into a thick paste with Canada 
balsam, and is coated on to the hair. This has tho advantage over 
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rigid specimens that, if the camera is level, the specimen is auto- 
matically parallel to the axis of the camera. 



Construction of slit and side pieces 



Adjustments for specimen holder 












0 0) 
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C 

0 



0 

y 

0 0) 



Details of cover plate, 5 
Fig. 39. 


The bearing of the rotation head is fitted with a ball race which 
allows for smooth rotation without any tendency to wobble, and that 
portion of the rotation head which fits into the bearing is slotted to 
give a tight spring fit. 

The Film Holder. The 19-cm. diameter camera takes two 
films of the same length, the exposed part being that which lies 
between the two flanges of A and F. The ends of the exposed parts 
are defined by knife-edges, P, which lie accurately on the cylinder 
formed by the flanges. One end of each film, together with a sheet 
of black paper, fits between the knife-edge plate and a cover plate, i?, 
to which are attached two strips of spring steel. These strips, when 
drawn round the camera as shown in the lower half of the plan. 
Fig. 38, hold the film firmly against the flanges. In the top half 
of the plan the operation is shown completed. The two strips are 
attached to a metal piece, T, which fits between the knife-edge plate 
and the cover plate, d", and is held firmly by the friction of phosphor- 
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bronze springs which pass through slots cut in S. This construction 
is shown in Fig. 39 (^). To facilitate withdrawal of the piece, T, it has 
a short pin attached to it, this pin protruding through an open slit in S. 

The Light-Tight Cover. The cover, C, fits into a groove in 
the base, and its orientation with respect to the camera is fixed by 
a small notch in the edge which fits over a pin projecting into the 
groove. The cover carries a pulley, F, for rotating the specimen 
holder, and a black paper window, through which the X-rays emerge. 
The front of the cover has an additional protection, X, of lead, i mm. 
thick, on which is mounted a small pocket, T, for holding filters. 

The Bradley Type 19 -cm. Bdgh-Temperature Camera. 
Quite a number of high-temperature cameras have been described in 
the literature which for various reasons have not been entirely satis- 
factory in operation. One of the most promising cameras recently 



Fig. 40. — The 19-cin. diameter High-Temperature Camera. 

(A. J. C. Wilson, ’Proceedings cf the Physical Society y 53 , 235, 1941.) 

built has been constructed on the lines of the 1 9-cm. diameter camera 
as originally designed by Bradley, after several years of experiment. 
Some details of the camera are shown in Fig. 40. 

The specimen consisting of metal filings is sealed inside a thin- 
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walled silica tube which protects it from oxidation, and is rotated by 
the synchronous motor, R, between two miniature furnaces, K and L, 
which consist of oxidation-resistant steel. The windings are of 
platinum insulated from the steel formers by mica. Each furnace 
element is held by screws in refractory blocks held to the camera by 
the circular brass clamps, M, N. The specimen is surrounded by 
a small ring-type PtRh-Pt thermocouple, P. 

In order to keep the body of the camera and the films cool, water, 
cooling channels, F, G, of about i cm. section are provided. At the 
higher furnace temperatures it is necessary to interpose an opaque 
screen between the furnace and the film in order to prevent fogging 
by the light emitted. 

Apart from the extra skill required in operating, the high- 
temperature camera, it is used in exactly the same manner as the 
standard 19 cm. model. Further details are to be found in a paper 
by A. J. C. Wilson.<i»> 

The Resolving Power of the Powder Photograph. Apart 
from using the powder photograph as a means of phase or compound 
identification, it is often employed for measuring lattice parameters 
with a very high degree of accuracy in order to determine the position 
of phase boundaries after specified heat treatments have been carried 
out. Measurements of the parameters at elevated temperatures can 
also be used to obtain coefficients of expansion and to follow funda- 
mental changes in atomic arrangement with change in composition. 
High accuracy in parameter measurement is obtained from the use 
of those reflexions which have a Bragg angle approaching 90°, that 
is, by making use of rays which are reflected back nearly into the 
incident X-ray beam. 

The interplanar spacing is given by the relation 

'i.dsm.B = nX . . . . (i) 

If the spacing d is varied, the corresponding variation in 0 is given 
by differentiating equation (i) to obtain 

— cote. AB . . . . (2) 

a 

It is evident that when 0 approaches 90°, cot 0 is very nearly zero 
and any errors in measuring 0 produce much smaller proportionate 
errors in the calculated value of d. Regarding equation (2) in another 
way, we can see that small variations in d produce considerable 
variations in 0, so that the resolving power in the highest orders is 
very great. By making use of lines which occur at high angles of 
reflexion, it is possible to calculate lattice parameters with an accuracy 



EXPERIMENTAL METHODS OF OBTAINING DIFFRACTION PATTERNS 67 

of I part in 50,000, although an even higher degree of precision has 
been claimed by more recent workers. 

Since the film is bent into a circle round the central specimen, 
the pattern of lines recorded on the film is symmetrical about the 
diameter defined by the incident X-ray beam. The angle of reflexion 
0 can easily be deduced from the angle between two equivalent lines 
lying one on each side of the incident beam which subtend an angle 



Fig. 41. — ^The usual film-arrangement in Debye-Scherrer cameras and the types of film resulting 
from each. The dotted lines join corresponding points on the film rolled and flat. 

{<2) Van Arkel arrangement. 

(i) Bradley arrangement. 

(c) levinS and Stranmanis’ asymmetric arrangement. 

(J) Arrangement of two symmetrical films in Bradley I9«cm. diameter camera. 

(H, Lipson and A. J. C, Wii^on, youmei of Scientijtc Instruments, IS, 144, 1941.) 

of 40 at the centre of the camera. Film shrinkage is a factor which 
would normally lead to considerable errors in the determination of 
the 0’s. Partly to overcome this source of inaccuracy, different types 
of Debye-Scherrer camera have been devised which differ in the 
manner in which the film is mounted These are illustrated in 
.Fig. 41, together with the types of photographs obtained when the 
films are unrolled^ 
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The method of Van Arkel (Fig. 41^)5 is probably the best arrange- 
ment for a camera of less than 10 cm. diameter. The incident beam 
enters through a hole in the film and leaves the camera via the gap 
between the ends. The arrangement is such that when the film is 
unrolled, the high order lines lie symmetrically disposed about the 
hole, and error due to film shrinkage is therefore considerably reduced 
because of the very short film distance between the equivalent lines. 
If T is the linear distance between two corresponding lines, then 



where R is the radius of the film. Methods of calculation have been 
developed which render it unnecessary to know R with a very high 
degree of accuracy. 

Using the film in the position of Fig. 41 (b\ where the X-rays 
enter the camera between the ends of the film and emerge through a 
central hole, Bradley and Jay showed that a high accuracy could 
be obtained without any knowledge of the camera radius. It is 
necessary to know in advance the angle subtended by the whole of 
the film at the centre of the camera, and this may be determined by 
calibrating the camera with a standard pure substance such as quartz 
for which the angles at which the spectra fall are known to a high 
degree of accuracy. According to Lipson and Wilson, it is much 
simpler and more accurate to derive the camera angle dj. corresponding 
to the whole length of the film by measuring the distance between 
the knife-edges which limit the exposed part of the film, and the 
diameter of the camera. Alternatively, the camera can be mounted 
centrally on a goniometer table and the angle subtended by the knife- 
edges measured directly. From the angle of the camera, the angle 
of any particular order of reflexion may be derived from the equation 

which holds if the film shrinkage is uniform along the film. 

In Fig. 41 (r) is illustrated the asymmetric method of Ievin§ and 
Straumanis. With this arrangement, it is unnecessary to know the 
camera dimensions, and knife-edges as fiducial marks are not required. 
Zero angle is the mean of the positions of the low order lines and 90° is 
the mean of the positions of the high order lines. By interpolation 
between these two angles, the 0’s of all the other lines may be obtained. 

With larger cameras, the film is cut into shorter sections for con- 
venience in manipulation. The 19-cm. diameter camera used by 
Bradley (Fig. ^id) uses two strips of film and two sets of .knife-edges 
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which sharply define the limits of the exposed parts. The linear 
distance k between the low angle knife-edges is taken as a constant 
of the camera, for although its effective length will vary as the film 
shrinkage varies, the error in spacing due to this effect can be shown 
to be of the order of five parts per million and is consequently negli- 
gible- Given the value of ky the 19-cm. camera is used exactly as 
the smaller Bradley camera. 

Debye-Scherrer cameras are often employed with notches cut at 
intervals along the periphery of the flanges, and by this means a 
series of fiducial marks is printed along the edge of the film during 
the exposure period, from which the 0’s of neighbouring lines can 
be deduced. This arrangement can be very useful with non-cubic 
crystals and has much to recommend it. 

Measurement of the Film. In aiming at the highest accuracy 
in lattice parameters which can be obtained with the cameras de- 
scribed above, a comparator with a traverse of 300 mm. and reading 
to 0*01 mm. is required in order to measure the films with a sufficient 
degree of precision. The reading microscope must have a magni- 
fication not greater than 2 or 3 diameters, for above this the grain of 



Fig. 42. — ^Direct-readiag measuring microscope. 

(J, E. Sears and A. Turner, yournal of Scientijic Instrument^ 18 , 17, 1941.) 

the film makes itself evident and the spectra appear indistinct, the 
weakest lines being lost to view in the general background. The 
illumination must be such that the film remains cool during the whole 
period of measurement in order to avoid undesirable shrinkage effects. 
An instrument designed by Sears and Turner which has proved very 
satisfactory for the purpose of measuring Debye-Scherrer films is 
shown in Fig. 42. 
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The Elimination of Systematic Errors from the Lattice 
Parameter Determination. "W hen the X-ray beam diverges 
from the target upon the cylindrical specimen of radius r, a finite 
amount of the radiation is absorbed in the specimen before reaching 
one of the reflecting crystals in the specimen, and a further amount 
of absorption takes place before the reflected beam emerges from the 
specimen after reflexion. The effect of the absorption is to make 
the distribution of X-ray intensity in the reflected beam skew in the 
direction of higher 6. (See Fig. 43-) Moreover, a further error 
in 6 is introduced by the eccentricity of the specimen holder. 



Shaded regions show the effective portions of the specimen. 


Bradley and Jay have shown that the errors introduced Into 6 
by absorption and eccentricity together produce the proportionate 
error in spacing given very closely by the expression 

Ad __ (p. cos<f, ^ ?_^cos®0 . . (i) 

d \ R 'idR idAX) 

where p cos ^ is the displacement of the axis of rotation in the direc- 
tion of the X-ray beam, r is the radius of the specimen, R is the 
radius of the film and AX is the distance from the target of the X-ray 
tube to the specimen. Thus the relative error in d is very nearly 
a linear function ofcos^e, and is zero when cos* 6 = o, or 0 = 90 °. 
In the case of a cubic crystal, where 

X ■s/h^ -{-l^ 

a T 

2 Sin a 

the true value of a is obtained by plotting the apparent value of a 
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calculated from each reflexion against the corresponding cos^ 6 values 
and extrapolating to cos^ 0 = o (or more conveniently to sin^ 0 = i) 
as in Fig. 44. 

Finally, a small correction has to be applied to- the extrapolated 
value of a to take into account the index of refraction of the crystal 
fragments for X-rays which causes a very slight deviation from the 



Fig. 44. — ^Extrapolation curve for the lattice spacing of aluminium at 200® C. It is plotted 
against sin* 69 as tables of this are more readily available than tables of cos* 6. 

Bragg Law. The correction is applied by increasing the lattice 
parameter by a fraction (i — ;/) of itself, » being the refractive index 
for the wavelength used. It may be calculated from the formula 

_ = AVAV 

OMinc^ EW 

where N is Avogadro’s number, e the electronic charge, m the 
electronic mass, p the density, c the velocity of light, ZA the sum 
of the atomic numbers of the atoms in the unit cell and EW the 
sum of their atomic weights. Putting X into Angstrom units, and 
p in grams/cc. and substituting numerical values, this becomes 
I — n = 'i''^\.\o~'^X^pEA/EW. 

For cubic crystals, this expression reduces to 

(i — n)a = 4-47.io-«Q‘i:^ 
where a is the side of the unit cell. 
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The final value for the lattice parameter is then 

^corrected = « + (! — «)«, 

the correction added having a magnitude of about i part in 50,000. 

Application to Non-cubic Crystals. The extrapolation 
method is easy to apply in the case of cubic crystals, but complications 
arise with crystals of lower symmetry which make the method difficult 
to apply. Consider the case of a hexagonal crystal whose spectra 
have been indexed by the Hull-Davey Charts and whose sin^ 6 values 
are given by the equation 

‘ [4 -i- M + , /"I 

l 3 ‘ 


sin^ 6 


hkl 


- m 
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It will be seen that the sin^ 6 value is in reality made up of two parts, 
one depending on h and ^ and the other only on /. We can write 
therefore 

sin^ = sin^ -j- sin^ 0 oq2 . . . (3) 

Suppose now we have two reflexions with a common I index^ namely 
{hzhr)y and sin^ 0 values given by sin^ sin^ 

Because of the way sin^ 0 is built up as shown in equations (2) and (3), 
we may write 

sin® 6j,,kd — sin®(9A^.,z = 

— (As® + h^h 4 - ^2®)}- 

In other words, we can eliminate the common portion to the two 
equations to obtain an expression which contains the a parameter 
only. If y^2 and each equal zero, the expression reduces very 
simply to 

sin^ — sin^ = sin^ 0^^fc^o 

The higher the values of h-^ and and the lower the values of /, 
the greater is the accuracy in determining for then lies at a 

high angle and the factor (y^i^ + -j- is large, while sin^ 0^^^^ 

is numerically small and the error in it does not greatly affect the 
final value of a. Alternatively, the higher the value of / and the 
lower the value of and Ag, (using reflexions where 

kik-i -j- ^1^) = -j- 

to eliminate a\ the greater is the accuracy in obtaining c. The 
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values of a and c obtained by solving a whole series of simultaneous 
equations are extrapolated to cos^ 0 = o. The extrapolation yields 
values of a and c which give fairly accurate sin^ 0^^.^ and sin^ 
values, which are used to repeat the solutions of type (4) in order to 
obtain still more accurate extrapolation curves. The procedure is 
rather clumsy, and may be avoided by using a method of least squares 
as described by Cohen which is applicable to crv^stals of any class. 

As an example, the equation of a tetragonal crystal may be written 
in the form 


52 

—a? 




= Sin2 6 


• is) 


For a small error, AQ in measurement, the error in sin^ Q is sin 20 .J0, 
and the error due to absorption and other factors is approximately 
proportional to sin 20 (equation i), so that the error is sin^ 20. AVe 
can therefore apply a correcting term to equation (5), to obtain 

—(h^ -f k^) + + G sin2 20 = sin2 0 . . (6) 

4 ^- 

where G is a constant. By the method of least squares, the best 
values of the coefficients of hr - 4 - k- and of may be found and a 
and c deduced from them. 


The Method of Mixtures. A means of dispensing with extra- 
polation methods or the necessity of knowing the radius or the angle 
of the camera is to be found in the method of mixtures. A small 
percentage of a powdered material of known lattice parameters is 
mixed with the substance under investigation and the X-ray powder 
patterns of the tw^o are simultaneously registered on the same film. 
The angles of the lines belonging to the material investigated can 
then be interpolated from the known positions of the lines due to 
the calibrating substance. 

The method is not without its difficulties, for there may be over- 
lapping of lines in just that part of the film in which the investigator 
is interested. Even with comparatively simple spectra, it is advisable 
to avoid the complications introduced by extra patterns on the 
photograph. 

The Seemaim-Bohlm Focusing Method. The Debye- 
Scherrer method, as outlined above, makes use of a narrow specimen 
of limited height, which is irradiated by the X-ray beam. Even with 
all the improvements made in X-ray tubes and cameras, exposure times 
for metals can range from as little as ten minutes up to several hours, 
according to the nature of the specimen. By making use of a 
‘Tocusing*’ method, the Seemann-Bohlin camera exposes a large area 
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of specimen in such a way that the reflected rays with the same indices 
hkl pass through a sharp focus. The principles underlying the 
method are shown in Fig. 45 (a) and (3). 

The incident beam passes through a fine slit at P diverging upon 
the poly crystalline specimen occupying the arc AB of the camera 
periphery PABQP, All rays of indices hkl reflected by crystals lying 
on the arc AB will pass through Q since angles PAQ^ P^Qy subtended 
by the common chord PQ are equal and their supplements equal to 20. 
It is thus possible to extend the specimen over a wide arc and by this 
means increase the total intensity of the reflected beams. By virtue 
of the focusing action it is also possible to increase the radius of the 
camera without causing a proportionate increase in the exposure 
period. 



Fig. 45. — (a) The Seemann-Bohlin focusing method. 

(i) The Back Reflexion focusing method. 

The camera has a serious drawback not encountered in the Debye- 
Scherrer camera. It is not capable of recording all reflexions with 6 ’s 
ranging between o° and 90° upon the same film. As many as three 
cameras are required to cover the whole range. Focusing cameras of 
the back-reflexion type as shown schematically in Fig. 45 (F), recording 
the highest orders only, are used principally for precision lattice 
parameter determinations. 

High-temperature cameras based on the focusing principle have 
been constructed. The chief difficulty encountered in this type of 
apparatus is getting the specimen uniform in temperature not only 
over the total area irradiated but also to a reasonable depth. The 
temperature is measured by means of thermocouples embedded in 
the specimen just below the reflecting surface. For further infor- 
mation on this topic, the reader is referred to the work of E. A. Owen 
and his collaborators. 
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Structure Integrating Camera. C. S. Barrett describes a 
camera for the study of preferred orientations in wrought metals or 
alloys having a relatively large grain size. The apparatus is illus- 
trated in Fig, 46. 

A large specimen, 2 in. by 6 in., is mounted in a specimen holder 
between the slit system and the film cassette. The specimen holder 
is moved horizontally along a track. At the end of the traverse, the 



Fig. 46. — Structure Integrating Camera. 
(C. S. Basrett, Sympoatan on Radiograply^ 


direction of motion is automatically reversed and at the same time 
the specimen is raised a distance equal to the width of the X-ray 
beam. This scanning action enables the whole of the specimen to 
contribute to the pattern and therefore a good average of the dis- 
tribution of orientations is obtained. The specimen holder can also 
be set at various angles with respect to the X-ray beam so that “pole 
figures’’ of the resulting patterns can be obtained as described in 
Chapter X. 

Combined Unit for Examination of Stresses- When speci- 
mens are very massive, it is often more convenient to manipulate 
the X-ray tube and camera into a position of correct alignment rather 
than attempt to manoeuvre the specimens themselves. This is par- 
ticularly the case with large welded structures where the heating and 
cooling effects promote severe internal stresses and X-ray diffraction 
methods provide the only non-destructive means of their measure- 
ment. For such work, it is essential to take back-reflexion photo- 
graphs from three directions with respect to the surface, and from the 
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variations in lattice parameter and the elastic moduli we can then 
compute the magnitudes of the principal stresses in the specimen by 
the methods described on page 244. 

A typical unit, shown in Fig. 47, is of a Philips “Metalix” sealed- 
ofF crystallographic tube to which is attached a back-refiexion camera. 
The tube and camera swivel together as a single unit, in such a manner 
that any selected point on the specimen can be photographed from 



{Courtesy Philips Industrial^) 

Fig, 47 - — ^Back-reflexion camera combined with Philips Metalix X-ray tube on universal joint, 
as used in the measurement of internal stresses in large specimens. 


three difFerent predetermined positions in turn, without any change 
in the film-specimen distance. Since the specimen is stationary, it is 
necessary to rotate or oscillate the film in its own plane to smooth out 
the limited number of back-reflexion spots into uniform haloes in 
order to make accurate spacing measurements possible. This is done 
by means of a small electric motor suitably geared to the film holder. 
A sectored disc is provided to enable all three pictures to be recorded 
on the same film. 

Crystal Monochromatizers. It was explained in Chapter II 
that a considerable simplification can be effected in the X-ray diffrac- 
tion patterns by eliminating the ^-component in the radiation by 
means of a suitable filter. The transmitted radiation is still not 
strictly monochromatic, for an appreciable amount of continuous 
radiation still passes through the filter together with the readily trans- 
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mitted a-component. The presence of this white radiation is, for 
the majority of cases, in no way detrimental, for it merely adds to the 
general background upon which the diffraction pattern is super- 
imposed. If for any special reason it is desirable to reduce the back- 
ground level to an absolute minimum, the X-ray beam may first of 
all be reflected from a crystal set at the correct angle to reflect the 
oc-component into the slit system of the camera as illustrated in Fig. 48. 
By this means, all the continuous radiation and the /S-component are 
suppressed. 

Pentaerythritol 



Pjc, — ^Method of taking X-ray photographs with strictly monochromatic Kx radiation 

obtained by reflexion of K (a -f jS) incident radiation from pentaer^Tihritol crystal. 

Rock-salt and pentaerythritol are eminently suitable as crystal 
monochromatizers. Each gives a very strong reflexion at a low 
angle 6 which does not produce serious polarization of the reflected 
X-ray beam. As the air which fills the camera also scatters the X-ray 
beam to some extent, thereby increasing the background level, further 
im provements can be effected by evacuating the camera or filling it 
with hydrogen. This procedure is most beneficial when a soft, easily 
scattered radiation, such as chromium Ka, is employed. Finally, the 
incoherent radiation produced when part of the incident beam is 
scattered with change of wavelength by the specimen may be absorbed 
by placing a thin sheet of paper, celluloid or aluminium foil immedi- 
ately in front of the X-ray film. 



CHAPTER VI 


THE INFLUENCE OF THE ATOMIC PATTERN ON THE 
INTENSITIES OF THE X-RAY REFLEXIONS 

Inspection of the X-ray photographs in the previous section immedi- 
ately reveals that the reflexions have different intensities. A large 
number of factors influence the intensities of the reflected beams. 
These depend upon the experimental methods employed, the angles 
at which the reflexions occur, the arrangement of the atoms in the 
lattice and Anally upon the perfection of the crystals irradiated by 
the X-ray beam. It is the object of this chapter to account for these 
differences and to apply the results to simple examples such as occur 
among the more common metallic elements and their alloys. 

Upon striking the crystal, the incident beam penetrates through 
many hundreds of layers of atoms and a small fraction of its energy 
is scattered by the individual atoms which now become the starting 
centres of trains of secondary waves which have the same wavelength 
as the incident beam. 

In order that the scattered waves may reinforce each other to 
form a reflected beam, they must be in phase with each other. This 
condition has been expressed by the Bragg equation id sin0 = nX. 
There is also a small amount of scattering which involves a change 
in wavelength and gives rise to the incoherent part of the scattered 
radiation, that is, radiation which is void of any phase relationship. 
This portion of the scattered energy, the “Compton Scattering”, 
gives rise to the general background upon which the X-ray spectra 
are superimposed. We shall neglect this in our discussion. 

Corresponding to several possible values of », each set of lattice 
planes will in general produce several diffracted beams. The Bragg 
Law egresses the fact that the path difference between the two trains 
of waves scattered at a glancing angle 6 by two consecutive lattice 
planes (hkl) is a whole number « of wavelengths.. Since a path 
difference k corresponds to a phase difference of in, the phase differ- 
ence between these two trains is mn radians. 

We have already seen how the atoms clustered round the lattice 
points may be considered as belonging to parallel sets of simple lattices 
which interleave to form a composite lattice. Since the planes (hki) 
corresponding to any one of these simple lattices are parallel to and 
have precisely the same spacing d as the planes Qikl) of every other 

78 
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of the simple lattices, it follows that the composite lattice will also 
diffract the incident X-ray beam in the same direction as one of its 
siniple components. 

The waves reflected at the angle 6 by the set of planes (hkl) from 
one of the simple lattices will all be in phase, but the reflexions from 
the parallel sets of planes from the different lattices will not, in general, 
be in phase with each of the other sets. The intensities of the 
reflexions will be considerably influenced by the relative positions of 
the interpenetrating lattices, for it is clear that when the reflected 
trains of waves from all the lattices are in phase with each other, an 
intense reflexion will occur, but when they are out of phase, the eflPect 
of the beams on each other is subtractive and only a weak reflexion 
or no reflexion at all will be the result. Thus, the intensities of the 
spectra are governed by the distribution of the atoms within the 
crystal. The art of structure analysis is to work back from the 
Observed positions and intensities of the X-ray reflexions and to 
deduce the type of space lattice, the shape and size of the unit cell and 
finally to deduce the arrangement of the atoms within the unit cell. 

Scattering by a Single Atom. Before we can understand 
how the X-rays in the reflected beams are affected by the distribution 
of the atoms, we must first of all see how the incident beam is scattered 
by each individual atom. The scattering of the radiation is done 
almost entirely by the electrons associated with the atoms * grouped 
round the lattice points. The theory for a single free electron was 
first of all worked out on the basis of classical electromagnetic theory 
by J. J. Thomson, and was subsequently applied by several workers 
to, the scattering by the bound electrons in the atom. 

When an electromagnetic wave of amplitude passes over a free 
electron of charge e and mass m, the electron is set vibrating and 
becomes the centre of a scattered wave whose amplitude a distance r 
from the centre is 

r mc^ 


where c is the velocity of light. Here the electric vector of the 
incident wave is perpendicular to the plane containing the incident 
and scattered rays. When, however, the beam is polarized so that 
the electric vector lies in the plane of the incident and scattered rays, 
the amplitude takes the form 


A 

r mc^ 


cos 


2 © 


* See Chapter VII for a description of the electronic structure of the atoms. 
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where 20 is the angle between, the direction of the incident wave and 
the direction in which the scattered amplitude is measured. 

If Z is the atomic number of an atom, we expect its scattering 
power to be Z times the scattering power of a free electron. This, 
ho'wever, is not so, because of the destructive interference of the 
waves scattered from different parts of the atom. This destructive 
interference grows less as the angle 0 gets smaller, until the ratic 
of atomic scattering power to the scattering power of a single unbound 
electron ultimately approaches the value of the atomic number. 

We can treat the problem of scattering by an atom in very muct 
the same way as the diffraction of light by a slit. Let the distributior 



Fig. 49. — Interference of X-rays scattered by different regions of atom. Electron density U \r) 
represented by shading with maxima at K and L shells. 


of the electrons within the atom have a density ? 7 (r), which is such 
that within the spherical shell between the radii r dr there are 
U(f)dr electrons (Fig. 49). It can be shown that the atomic scattering 
power /*, which is the ratio of the amount scattered by the atom to 
that which would be scattered by an electron in the same place is 


f = 


°TT/ \ • /dJtr sin 0 
U{r) sin 




dr 


4?rr sin 0 


sin0 


Thus we can see that /'is dependent on the value of — - — , or for 



THE INFLUENCE OF THE ATOMIC PATTERN 8 1 

a given radiation, the direction in which the X-rays are scattered. 
A typical y^curve, namely the one for iron, is shown in Fig. 50. 

It has been shown in a number of experimental investigations 
that the atomic scattering factor depends on the wavelength of the 
radiation. The atomic scattering factor is depressed by the use of 



Fig. 50. — ^Atomic scattering factor f of iron. 

(a) Scattering power of Fe with Mo or Cr Ka radiation, each far from absorption edge. 

(i) Scattering of Fe with Co Ka radiation. 

radiation whose frequency lies close to the critical K absorption 
frequency of the scattering element. This fact was expected on 
theoretical grounds, and is analogous in principle to anomalous dis- 
persion in the optical region. Tables of as a function of are 
given in the Appendix. 

Tlae Structure Factor. We shall now discuss the coherent 
scattering by the atoms grouped round the lattice points. Each atom 
will scatter some radiation and will contribute its share of radiant 
energy to the amplitude of the reflected wave having the indices ML 
We can form a general expression for the resultant, termed the 
structure amplitude^ which we shall denote by Let each atom 

have a scattering power denoted by <f> which is equal to f times the 
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amplitude of a wave scattered by a single electron. We measure the 
co-ordinates (xyz) of a typical atom from a suitable origin in the lattice 
parallel to the primitive translations whose lengths are a, h, c. The 
different waves scattered by each atom are combined by finding the 
phase difference between each of them and a standard wave scattered 
at the origin. By the way -in which the indices hkl are defined, we 
see that -^^en the hkl reflexion occurs, the translations a, b, c involve 
phase changes of 2 .tA, ink and ml. Hence the total phase change 
in going from the origin to the atom at {xyz) will be 

mh- -1- i7ik\ + ml- 
a b c 

or, using fractional co-ordinates, 

iTiQiu kv Iw) 

X' 

where a = -, etc. 

The contribution to the reflected amplitude made by each indi- 
vidual atom is obtained by multiplying its scattering power^ by its 
phase factor, and their resultant, the structure amplitude, is then 
obtained by taking the sum of these products which may be written 
concisely 

WQikl) = . . . (i) 

This summation extends over every atom in the unit cell and the 
value of ^ appropriate to each atom is taken into account. 

The intensity of the diffracted beam I is proportional to the square 
of the absolute value of the structure amplitude, i.e. 

/ oc \F'(hkl)\^ 

oc{i; 4 , cos in (hu+kv+lw)}^ + sin m(hu+kv+lw)f . ( 2 ) 

A considerable simplification occurs in this expression if the 
crystal lattice possesses a centre. of symmetry which is chosen as the 
origin of co-ordinates. Since there will be as many atoms on the 
positive side of the origin as on the negative side, the sum of the sine 
terms will be 25 ero and equation ( 2 ) takes the simplified form 
I oc (27^ cos in{hu kv ltv)Y' 

Now the incident beam may be polarized, and corresponding to 
the two extreme states of polarization we may have 




and 
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If, as is generally the case, the incident radiation is unpolarized, the 
average value of the electric vector must be used, and we therefore put 

^2 / ^ 

\mc^J 2 

for each kind of atom into equation (2). The factor ” 1 " cos? 20) 
is known as the “polarization factor”. 

The structure factor FQikl) is given by 

F{hkl) = . ^3^ 

a, V, w being the fractional co-ordinates of the centre of the atom 
whose scattering factor is f, the summation being taken over all the 
atoms in the unit cell. The fractional co-ordinates a, v and w are 
known as the atomic -parameters of the atoms in the unit cell. The 
space group determines only the symmetrical arrangements of the 
atoms, but the parameters fix their positions exactly. 

Tlie Intensity of the Reflected Beam. Let us consider the 
case of a very small crystal irradiated by a beam of X-rays which 
suffers a negligible amount of absorption within the specimen. In, 
order to ensure that a reflexion occurs, we shall rotate the ciystal with 
a uniform angular velocity co about an axis parallel to a set of reflecting 
planes. It can be shown that when the reflexion flashes out, the 
total amount of energy, £, in the reflected beam is proportional to “yj, 
the volume of the crystal. 

Let P(0) be the reflecting power of the small crystal of volume v in 
the direction 6, and /« the intensity of X-rays per unit time falling on. 
the crystal, then the total energy reflected in the time t must be 


since tt) = 


where. 


E = ^P(e)hdt 
= 

SO that the integrated reflexion 

= ^ = . 

JV®A3 


dd 


Q 


sin 20 




-j- cos® 26 


• (4) 


N = the number of unit cells per cm®. 

0 = the Bragg angle, 
and F(hkl) — the structure factor. 

Equation (4) gives the total energy reflected by the crystal as it. 
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rotates through a range of angles which includes a spectrum. This 
angular range is very small and is dependent on the state of perfection 
of the crystal. When the crystal is set at an angle which differs by 
a small amount from the Bragg angle, the phase difference of itz 
between the waves reflected from adjacent planes is changed by a 
small amount. This small change in phase is cumulative over the 
large number of lattice planes involved in the reflexion so that mutual 
interference occurs which results in a very rapid decrease in the 
reflected intensity. 

The Temperature Factor. The atoms in the lattice are in a 
continual state of thermal vibration. This heat motion has the effect 
of making the reflecting planes more diffuse and this results in making 
the spectra weaker than they might otherwise have been, particularly 
in the higher orders. A method of allowing for this has been devised 
by Debye and by Waller. To obtain the value of / of the atomic 
scattering factor at room temperature, we multiply /o, the value of 

_ B sin^ d 

the atomic scattering factor at absolute zero by a factor e . 

B is related to the mean square displacement of an atom in a 
direction perpendicular to the reflecting planes by the equation 

B — 

The Debye-Waller relation ‘which has been worked out for the 
case of a simple cubic lattice, but which holds with a good degree of 
approximation for close-packed lattices with atoms of one kind only is 
^ sin^ e _ sin^ 6 

6A® / ^ 4- ^ 

mk0\ x )* 
where h = Planck’s constant, 

k = Boltzmann’s constant, 

0 = the characteristic temperature of the substance, 

01 — Q/T^ T being the absolute temperature, 

I r 

X — I ’ 

and m is the mass of the vibrating atom. 

Strictly speaking, we should use a diflFerent value of B for each 
atom in the cell, since there is no justification for assuming that all 
the atoms have the same amplitude of vibration. It is very difficult 
to do this and we must be content with an approximate value of B 
which is used for the lattice as a whole, an assumption which in many 
cases does not involve serious errors. 
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We can therefore re-write the structure factor 


FQikr) = Zf^e 

_ Bsin* B 

= e ~ 


B sin* Q 

X* ^2.*ti(Atx -f fa? + /foji 


r/oe 


,2.-n(hu -f jfcp -r Iw) 


G, W. Brindley has shown in the case of zinc that the scattering 
factor is not a smooth function of sind/A. Owing to an asymmetry 
in the Debye factor, reflecting planes making small angles with the 
basal plane of the structure yield relatively low scattering factors, 
while planes making angles approximating to 90*^ with the basal plane 
give relatively high scattering factors. These results are consistent 
with the view that the amplitude of the thermal vibrations are greater 
along the ^-axis than in the basal plane. It has been stated that 
raising the temperature broadens the X-ray reflexions. This is not 
so ; perfectly sharp, though weakened, lines persist right up to the 
melting point of the material. 

The Intensity of Reflesdon from a Powder Specimen. We 
may consider the arrangement of the crystalline particles in the 
specimen to be perfectly random. Not all of the crystals are in a 
position to reflect, and the specimen is usually rotated in order to 
bring as many of them as possible into a reflecting position. 



Fig. 51. — Derivation of the Probability Factor. 

BC is the nonnal to the reflecting plane. 

/ is the section of Debye-Schcrrer ring which is microphotometered. 


Let the specimen B lie at the centre of a Debye-Scherrer camera 
of radius B, and let y^B be the direction of the incident beam, which 
has the intensity /. (Fig. 5 1). Let the rays reflected from the planes 
hkl form a cone of semi-vertical angle 20, which intersects the film 
in a Debye-Scherrer halo. 
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With the specimen as centre, describe a sphere of radius R. The 
normals to the reflecting planes intersect this sphere in the circle of 
reflexion which is the base of a hollow cone of semi-vertical angle 

ABC — d. The divergency of the X-rays travelling from the 
2 

finite source through the slit system spreads the circle of reflexion 
into a belt of angular width dd. Now since the distribution of the 
particles is a random one, the probability that a normal lies within 

the range - — 0 and ~ equal to the ratio of the area 

of the shaded belt of the sphere to the entire surface area of the 
sphere as shown in Fig. 5 1 3 is, to 

cos d .dd . 

If there are v crystal particles in the powder specimen, having 
an average reflecting power P(0), the total energy E reflected into 
the Debye-Scherrer halo will be 

E = j/oP(0).ivcos0.t/e 

where the integration is carried out over all values of 6. Only a 
very small range of angle in the neighbourhood of e#, the Bragg angle, 
is effective, and we may put cos 6 = cos 0« in the integration, so that 
we obtain 

E = Jv/o COS0o|-^(®V® 

= Jv/o cosdoQv 

or, 

^ = Jcos0o.0^ • • • • ( 5 ) 

where v = the average volume of a crystal particle, and vv = F the 
total volume of the powder specimen. 

The Number of Co-operating Planes. In deriving the in- 
tensity of the beam reflected from a powder, we have to bear in mind 
that there may be a number of planes with the same spacing which 
will contribute to the same spectrum line. If there are/> such planes, 
then the corresponding value of E//o must be increased by the -planar 
factor or multiplicity factor, p. Hence 

^=\pcosd,.QF . . . . ( 6 ) 

-^0 

The value of p is equal to the number of faces in a form if the crystal 
has a centre of symmetry and twice this number if there is no sym- 
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metry centre. A table of planar factors for use with powder photo- 
graphs is given in the appendix. 

In practice we only measure the energy passing through a short 
length / of a halo. The amount of energy passing through / is pro- 
portional to the ratio //(circumference of halo), which is clearly equal 
to 1 / 27 cR sin 200* Equation (6) must therefore be modified to 


E 

lo 


\p cosOq.QF. 


27 zR sin 200 


(7) 


The ESect of Absorption. In deriving equation (7), no 
allowance was made for the absorption of X-rays within the specimen, 
which cuts down the intensity of the energy in the reflected beam, 
reducing the intensities of the lower orders by a greater amount than 
those reflexions which occur at the higher angles. To some extent, 
then, the effect of absorption on the reflected intensity is to act in 
the opposite direction to the temperature factor. If we let the 
absorption factor be represented by we may include it in equation 
(7), and thus obtain 


E 

h 


\pA cos Bq.QF. 


I 

ztzR sin 200 


• (8) 


which on substituting for Q becomes 

^ 2F sin= B 


= pAe- 




COS^ 20 


sin^ 20 


cos 0 . 


FI 

i StzR 


2^sin» B / ^2 \1 

= pAe 


‘r 4* cos® 20 
2 cos 6 sin® 6 


VI 

\(mR 


or, the energy measured in the length I of the halo may be written 


E = const. p,Ae 


I -{- cos® 20 
cos 0 sin® 0 




(9) 


Calculation of the Absorption Factor for a Cylindrical 
Specimen.* In the absence of absorption, the intensity of the 
reflected beam was shown to be proportional to F, the total volume 
of the crystal powder, and, for a cylindrical specimen, this volume 
would be Tir^hy where h is the height of the specimen and r its radius. 
In the presence of absorption, the contribution of a minute fragment 
of crystal of volume dv to the reflected beam is reduced by the fraction 
e~ where jn is the average linear absorption coefficient of the 
specimen, and a is the total length of path traversed by the ray 
d^ouffh the specimen before and after reflexion from the fragment 
(Fig. 52). 

* For recent developments by the author, see Appendix. 
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The total intensity of the reflexion is obtained by integrating the 
value of throughout the volume of the specimen and using 

this expression instead of the factor F in the intensity formula. For 
a cylindrical specimen, its volume jtr^h is replaced in the intensity 

formula by h^^e~'^da where da is a small element of the cross- 

section of the specimen. The integration is carried out over the 
whole cross-section. 



Fig. 52. — ^The effect of absorption on a cylindrical Debye-Scherrer specimen. 

The total path of the ray reflected by a small element of volume at P is ^ -f- = «• is the 

locus of all points having a constant value of a. Note how absorption alters the shape of the reflected line 
besides cutting down the value of the integrated intensity. 

The intensity of reflexion is, therefore, cut down by the absorption 
factor in the ratio 

A = -i-f 

Tir^j J 

A is termed the absorption factor. We may re-write it in the form 

A = 

where x = a/r 
and ds = 

The evaluation of this integral is extremely difficult, Bradley 
has accomplished this, using a series solution which gives results 
accurate to about i per cent., and has drawn up a set of tables giving 
A for different values oi fir for special angles. The values of A for 
intermediate angles are obtained by interpolation. 

To obtain the value of we first of all cut a section out of the 
cylindrical specimen with a razor blade and measure its length h 
and radius r with a travelling microscope. We then place the 
specimen on a microscope cover slip and dry it gently with filter 
paper after dissolving away the Canada Balsam with toluene. The 
mass m of the metal in the specimen is then obtained by weighing 


on an 
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assay balance. Looking up the value of the mass absorption 

coefficient ~ of the metal in tables, we have 
P 



m n 

Tir^k p 


mu 

nrh p 

from which the appropriate value of A can be obtained from tables. 

Should the specimen consist of more than one element, the value 
of fir is obtained from the relation 


f.ir 


TirfKpi 




where ati, ^3 . . . are the weight fractions of the constituents with 


mass absorption coefficients , etc. Values of A for various 

Px pz 

values of fir are given in the appendix. 

The Mosaic Crystal. The ideally perfect crystal would not 
only have perfectly developed faces, but would possess an atomic 
lattice completely free from defects and distortion. It is probably 
true to say that a crystal with an ideally perfect lattice does not exist, 
although diamond probably approximates to it very closely. By far 
the majority of crystals have internal defects whereby the lattice loses 
its perfection of alignment every few thousand atoms or so, and thereby 
takes on the character of an irregular mosaic. As the irradiated 
crystal rotates in the X-ray beam, the pseudo-blocks move, in turn, 
into a reflecting position, thus causing the Bragg reflexion to occur 
over several minutes of arc, and make the reflected intensity propor- 
tional to a result we tacitly assumed in the derivation of the 

integrated reflexion. For perfect crystals, the angular range over 
which the Bragg reflexion can occur is much smaller than that obtained 
from a mosaic, and, in addition, the integrated intensity becomes 
proportional to \^{hkTj\. 

If the mosaic blocks are large, the planes nearest the surface 
reflect so much of the X-ray energy that the deeper planes within 
the same block are shielded from the incident radiation and are thereby 
prevented from making their contribution to the reflected beam. 
This phenomenon is known as primary extinction. Secondary extinc- 
tion occurs when the lower blocks of a crystal mosaic are partially 
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screened from the incident radiation by the upper blocks which 
reflect it. With Debye-Scherrer photographs, it can be overcome 
to a large extent by finely powdering the specimen. Extinction has 
the effect of cutting down the intensities of the strongest reflexions 
while scarcely affecting the weaker lines. Methods of allowing for 
it have been devised, but they are not completely satisfactory. 
Fortunatelyj extinction is not very troublesome with alloy powder 
specimens and we may neglect this in our consideration of the line 
intensities. 

The Number of Atoms per Unit Cell. In general, each 
unit cell contains a atoms of atomic weight b atoms of atomic 
weight 5 , c atoms of atomic weight C, etc. Thus the total number 
of atoms is (^ -}- ^ + ^ . . .) and the total mass associated with each 
unit cell is 

{aA + ^5 + + • • •) X 1*65029 X grams 

where 1*65029 X 10"^^ is the mass of the hydrogen atom. If the 
molecular weight of the crystal is M, and the number of molecules 
per unit cell is we have 

fih/L = (jzA — j— hJB — j— cC — j- « • 

The density of the unit cell must also be the same as the density p 
of the single crystal, and we therefore have 

_ nM X 1-65029 X io ~24 

P y 


where F is the volume of the unit cell in cm^. Remembering that 
lA = 10“"® cm., we can write for the number of molecules per 
unit cell : 


pF 


I-65029M 


where F is in A^ (on Siegbahn Scale). 

If we are considering a pure element of atomic weight M con- 
taining n atoms per unit cell, the total volume of space occupied 


It is also customary to 


by a single atom is ~ or 1-65029 — A^. 

define the atomic volume as atomic weight/density of crystal, which 
yields the atomic volume in cmy gram-atom. 


Examples of Structure-Factor Calculations. 

(i) Simple Body-Centred Cube, (Fig. 53^.) This unit of struc- 
ture has one atom at the centre of the cube and one atom at a cube 
corner (-J of 8 corner atoms) making a total of two atoms in the 
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unit cell. The equivalent point co-ordinates are; ooo, 
structure factor is therefore 


jr^2niQi.O *r ^^0 J- Z.O) > -f k,l -f- Z.!) 

= /(l -j- £•■'»(* -J- 

F = f(i -j- i) = 2y when h -\- k I \s even 
F = y(i — i) = o when h-~k-x-l {'5 odd. 
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Therefore, only those reflexions can occur for which h k I 
is even, from which it follows that — k^ -i- is even ; i.e. 
2.4.6. 8. 10. 12. The lines thus follow at regularly spaced intervals 
on the powder pattern. Alternatively, we could have written 
F=/(i -}- 

= f{} + cosn:(^ k 1) -{• i sin {h k 0} 

and since h k I are whole numbers, the sine term vanishes and 
we are left with 

F = f{i + cosjr(>^ + ^ + 0} 

= /{i ± 1} 

according to whether h k I is even or odd, 

(2) Face-Centred Cubic Unit Cell, (Fig. $3^*) Taking one of 
the corner atoms of the cube as origin, the equivalent point co- 
ordinates of the four atoms belonging to the unit cell are: ooo, J^o, 
oJJ. The structure factor is therefore 

y^^27ri(A.O + &.0 + 2.0) ^sti{h + k + 0) ^niih -f 0 + Z) -f fc -f 2) j. 

+ k) _j_ ^snih -i- Z) __j_ ^m(k + Z) j 

= /{ cos o + coS7r(i4 + ^) 4- cos7t(A + /) + cosrT(v& + /)} 

= 4/cos:7r(A k 1) cosn ^ - ^ ^ cos ^ 

Therefore F = 4/, if h k, h I and k I are even, that is, if 

hy k and I are all odd or all even, 

F = Oy if hy k^ /, are mixed. 


and 
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Thus it follows that with the face-centred cube, only those lines 
appear in which {h^ 1 ^') has the values 3, 4, . . . 8 , . . 1 1, 1 2, . . , 

16, . . 19, 20, ... 24. . etc. The lines belonging to a face-centred cube 
follow each other in a characteristic sequence on the Debye-Scherrer 
photograph, namely, two lines close together, then one, then two, 
and so on, which makes the identification of the lattice very easy. 

(3) Hexagonal Close-Packed Unit Cell (Fig. 53^.). The equivalent 
point co-ordinates of the two atoms in the unit cell are: 000 ; 

The structure factor is 

P + A:.0 + l.O) ^ 

= + 32 )} 

which can be written 

F =f{i -T cosTtl cos + 4^)} 

the sine terms again vanish. 

Inspection shows that 

F — o when I is odd and when h 'ik = 

F = 2 f when I is odd and when ^ = 3^ + i or 3« 2. 

F = 'if when I is even, h 'ik = 3;^. 

F = f when 1 is even, A 2^ = 3;? -}- i or 3;^ -f- 2 - 

Calculation of Interatomic Distances. The distance between 
any two atoms may be calculated using the ordinary rules of three- 
dimensional co-ordinate geometry. In crystals whose axes are 
mutually perpendicular, the distance between two atoms with co- 
ordinates (a?i, ji, Zi) (Xi, Z2) is given by the relation 

s = v^Cxi — + Cyi + (zi — z.)*. 

Densitometry — The Measurement of the Intensities of the 
Lines on Powder Photographs. We now come to one of 
the most important operations in the interpretation of the X-ray 
patterns, namely, the measurement of the relative intensities of the 
spectrum lines. For the derivation of simple atomic arrangements, 
visual observation in classifying spectra as strong, medium, weak, very 
weak, etc., is often all that is required to enable the investigator to 
establish the crystal structure beyond all reasonable doubt. Never- 
theless, for the more difficult structures which yield complicated 
patterns with only partially resolved spectrum lines and for problems 
which demand an accurate knowledge of small intensity changes it is 
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essential to use some form of precision densitometer or micro- 
photometer. 

Of the many commercial microphotometers available, it cannot 
be said that any one of them is completely satisfactory from the X-ray 
worker’s point of view. Automatic recording instruments are for 
the most part completely useless in so far as the record is produced 
on too small a scale to be of any value in serious work, and they do 
not offer any great saving in time. Manually operated non-recording 
instruments involving the reading of the deflexions of a galvanometer 
coupled to a photoelectric cell or sensitive thermoelement are also 
available. In using these instruments, as with the automatic recording 
apparatus, we have to convert the logarithms of the galvanometer 
deflexions into film density values before the readings are of any use, 
and this offsets any apparent saving in time. 

The only really satisfactory type of instrument is one in which 
the film density is compared directly with the density of a neutral 
grey wedge by a null method. The principles of such an instrument 
were described by Dobson but as there was no satisfactory machine 
capable of taking a 30-cm. length of film such as one obtains in using 
the 1 9-cm. Debye-Scherrer camera, the author had to construct one 
for himself, details of which are given below. 

The principles upon which the microphotometer operates are 
illustrated by the sketch in Fig. 54. A lamp L which has a straight 
single coil filament sends beams of light through a graduated neutral 
wedge fF and the film F which then fall upon a narrow slit C placed . 
in front of a gas-filled photoelectric cell. In the photocell circuit 
is a sensitive Lindemann electrometer whose needle is observed by 
a low-power microscope. A reciprocating shutter intercepts the 
light from the wedge, so that only the light which has passed through 
the film is able to enter the photocell. On depressing a small lever, 
the shutter is moved into a new position which cuts off the light from 
the film and allows the light from the wedge to enter the photocell. 
This is accompanied by an instantaneous movement of the electro- 
meter needle into a new position. The neutral wedge is then moved 
into a new position by means of an accurate metric screw geared to 
a revolution counter, until moving the reciprocating shutter produces 
no movement of the needle. In this balance position, the density 
of the film is equal to that of the neutral wedge, and the value of it 
is read directly upon the revolution counter, without any need of 
logarithmic conversion. The film is moved along in steps of o*i mm. 
by means of a metric screw of i mm. pitch which is also geared to a 
revolution counter, and wedge readings are taken at every position. 
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With a little experience, the operational speed with this type of instru- 
ment is quite rapid and approaches that of an automatic recorder if 
an assistant is available to take down the readings, which are then 
plotted to a large scale on a roll of graph paper. 

In Fig. 55 (^) and (i) are shown two views of the completed 
instrument, with a film in position. In Fig^ 55 (^), the cover has 




Fig. 55. — Two views of manually-operated micropliotometer of the Dobson type. 


been removed, revealing the electrometer and the adjustable slit. 
The photoelectric cell and io^®-ohm liquid resistance to which it is 
connected and also the high tension and filament rheostats are all 
mounted under the cast aluminium base. The accumulators^ which 
supply the high tension to the cell and electrometer and low-tension 
current for the lamp, are plugged into the sockets on the side of the 
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instrument or plugged directly into a charging panel. In this way, 
all switches, save for the one for shorting the electrometer plates, are 
completely eliminated. 

A high degree of accuracy can be attained, for, being a null 
instrument, the readings do not drift with the running down of the 
batteries or with the^ fatiguing of the photocell. Moreover, the 
apparatus can be used in a well-lit room, which is not the case with 
direct deflexion instruments. Since the time in doing the photo- 
metry is usually only a small fraction of the time involved in carrying 
out the various structural computations, it is well worth spending a 
little extra time in aiming at the high accuracy which only a null 
deflexion instrument can give. 



Fig. 56. — ^T^’pical photometer record resolved into component lines. NiAlg. CrKa radiation. 

19-cm. Debye-Scherrer camera. (J full size.) 

A typical record is shown in Fig. 56, upon which the background 
level has been drawn. The intensity of an X-ray line is measured 
by the area beneath the line contour and the background level. To 
minimize the effects of coarse grain size in the film emulsion, it is 
essential to adjust the slit height to about 3 mm. and the width to 
0*1 mm. Kodak films, “Industrex D’' and ‘‘Kodirex”, and Ilford 
‘Tlfex’" film can be strongly recommended for all work of this nature. 
The ‘‘Crystallex’’ film, manufactured by Kodak, is a considerable 
improvement on these, since it gives high contrast with very fine 
grain, but suffers from the disadvantage of requiring an exposure 
time at least three times as great. In special cases, when the very 
highest accuracy is required and the time factor is of no consequence, 
this film is undoubtedly the one to use. 

In general, the blackening of the film does not bear a strictly 
linear relationship to the intensity of the X-rays producing it. In 
order to correct for this effect, we must calibrate the film. After 
the X-ray photograph has been taken, the film is placed in a thin 
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black paper envelope inside a brass container. Four slits are cut. in 
the container, so that four calibration strips near the edges of the film 
can be taken. The container is then placed in a vertical position, 
close behind a rotating sectored wheel (Fig. 57) which is about 5 ft. 
from the X-ray tube. This ensures a uniform beam over the exposed 
region. 



Fig. 57 . — Sectored wheel assembly for calibrating X-ray film. 

F = Brass film holder with slot covered with black paper (top showing only). S = Sectored wheel 
with IQ° stqjs. L = Lead shield. Af = Electric motor. 


The sectored wheel consists of two symmetrical blades each with 
18 steps subtending an angle of 10° at the centre. It is rotated at 
a high speed for 30 seconds during which the X-ray tube is main- 
tained at a steady output. Eighteen exposed steps are obtained on 
4^ cm. of film, which have the relative exposure times 1,2, 3, ... 18 
(cf. Fig- 37, pattern of FegNigAlj,). 

We shall now relate the exposure times on the calibration strip 
with the density of blackening measured by means of the micro- 
photometer. When the film is exposed to radiation, a certain number 
of grains per square centimeter are activated and these are reduced 
to silver on developing. Their number, Ny will be related to the 
intensity, /, of the radiation and the time of exposure, /. The law 
relating iV, I and / is given by Schwartzschild as: 

N = It^y 

p being a parameter dependent on the wavelength of the radiation. 
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For very short light waves, such as X-rays, the value of ^ is unity 
and therefore the number of activated grains is strictly proportional 
to the intensity of the X-ray beam and to the time of exposure. 

When the film has been processed, it is viewed or photometered 
by transmitted light. The developed grains absorb some of this 
light, making the more heavily exposed regions appear blacker. If 
the incident light used in viewing the film has an intensity /03 a smaller 
amount i will pass through the film depending on the number of grains 
per square centimetre. In fact, 

* ; rr^—kN 

where ^ is a constant. We may write 

B = kN 

and term B the density of blackening of the film. 

In the null instrument described above, B is read directly on the 
wedge scale. The reading is, therefore, directly proportional to the 



intensity of the X-rays and to the time of exposure since the Schwartzs- 
child constant is unity. On the other hand, in direct deflexion 
instruments where the photoelectric cell is connected straight on to 
the galvanometer or amplifier, the deflexion 6 is proportional to /, 
and in consequence, B is proportional to ^ logio^. 

Sinc^ p is unity, we may now treat the calibration steps as if they 
Were the result of exposures to beams of relative intensities 1,2, 3,, ..18. 
iNow, because there are only a limited number of silver grains in the 
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film emulsion, an increase in the exposure beyond the initial stages 
does not necessarily produce a proportional increase in the blackening. 
This is shown in the typical calibration curve in Fig. y8. Any 
density reading such as ac which occurs on the curved part of the 
line must be corrected by adding to it the amount ah. In this 
manner, all the higher wedge readings can be corrected, and the 
areas under the corrected peaks of the X-ray reflexions are then 
proportional to the integrated intensities of the diffracted beams. It 
is a decided advantage to try, as far as possible, to keep the intensity 
of the Debye-Scherrer pattern such that only the linear portion of the 
calibration curve need be used. In any event, the majority of the 
weak and medium lines will occur on the linear portion of the cali- 
bration curve and will not need correction. The strong lines will 
only have corrections added to their peak readings which form only 
a small fraction of the total areas. 


NOTE ON A RECENT DEVELOPMENT. 

Side-bands.— An optical grating with periodic errors in its rulings gives rise to extra 
spectra known as optical “ghosts”. It has now been shown that a crv’stal produces 
similar ghosts in its X-ray diffraction spectra when the lattice-parameters varj- in a periodic 
manner. Daniel and Lipson {Proc, Roy. Soc. (A), in the prea) have found these ghosts 
in the form of diffuse side-bands lying one on either side of the main diffraction lines from 
CUiFeNij. This has been attributed to the incipient separation of the alloy into copper- 
rich and copper-poor constituents. A simple method of demonstrating the effect is 
given by Sir Lawrence Bragg and H. Lipson in the J. Set. Instr., 20, no, 1943. 



CHAPTER VII 


THE CRYSTAL STRUCTURES OF THE METALS 

The Periodic Classification of the Elements According to 
Mendeleefi and Bohr. As we examine the known elements, it 
becomes increasingly clear that there are many which have strongly 
marked metallic properties, and many which are characteristicdly 
non-metallic in appearance and in behaviour. The departure from 
the metallic to the non-metallic character is one of gradual transition. 
A full understanding of metals and their alloys demands, as an 
important pre-requisite, a knowledge of the Periodic Classification of 
the elements. Perhaps the most useful system of classification is the 
one based on the relations between the physical and chemical pro- 
perties of the elements taken as a whole, and their atomic weights. 
The elements, if arranged according to their atomic weights, exhibit 
a very evident periodicity of properties. This feature led the Russian 
chemist D. Mendeleeff to arrange the elements in a Periodic Table, 
in a manner which corresponded to their valencies and their distinctive 
chemical and physical properties. A modern version of the Table 
which includes the rare gases and several elements discovered after 
the time of Mendeleeff is given below in Table III. 

The elements are arranged in nine vertical groups, ranging from 
Group O, which contains the inert gases, to Group VIII, which 
contains the transition elements, iron, cobalt and nickel, etc. These 
vertical groups arise from the way in which the continuous series of 
elements, written in order of ascending atomic weight, is broken up 
into Periods which are written one beneath the other. The lengths 
of the Periods are chosen in such a manner that each of the Groups 
contains a series of elements which have close similarities in their 
properties. 

Writing down the elements helium, lithium, beryllium, . . . 
fluorine in ascending order of atomic weight, we proceed from an 
element which is totally inert to one which is strongly electropositive 
and metallic. As we proceed further, this electropositive character 
is gradually lost until finally we arrive at fluorine, which is strongly 
electronegative. The element immediately following fluorine is neon, 
which is totally inert, and the properties of the first Period of eight 
elements are repeated once more in the series of eight elements which 
ranges from neon to chlorine. 


loo 
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Before the next full cycle of properties can be completed, we must 
write down a Long Series composed of eighteen elements ranging 
from argon to bromine. This is followed by a second Long Series 
of eighteen elements ranging from krypton to iodine, to be followed 
in its turn by yet another series of thirty-two elements Yirhich includes 
the rare-earth metals. Each Long Series is broken up in the middle 
by a set of three closely related transition elements which are put 
into Group VIII. These transition elements separate the intensely 
electronegative non-metallic elements of Group VII from the strongly 
electropositive metals of Group I, within each long period. Thus 
the elements in each Long Series are divided into two sets lying one 
below the other, and it follows from this that all the elements which 
fall in the same Group do not show the same degree of resemblance. 
In Group I, for example, we have the univalent family of alkali metals, 
lithium, sodium, potassium, rubidium and caesium, and the univalent 
copper family, copper, silver and gold. The members of the first 
family, or subgroup A, are strikingly similar to each other in physical 
and chemical properties, but they have little in common with the 
members of the copper family, the B subgroup, from which they are 
differentiated in the table by being displaced a little to the left. 

The Bohr Classification of the Elements. Most of the 
elements exhibit more than one valence, with the consequence that 
they each can show many different classes of chemical relationship. 
One of the chief defects of the Mendeleeff classification is that it 
tends to lay too much emphasis on only one of the possible valencies 
of each element. In order to bring their valencies and chemical 
properties into harmony with those of adjacent elements in the table, 
some elements do not appear in quite their true positions of ascending 
atomic weight. Thanks to the brilliant researches of Rutherford and 
Soddy on radioactivity and the classical work of Moseley which led 
to the conception of Atomic Numbers, a new electronic picture of 
the atom has been built up which explains away many of the diffi- 
culties of the Mendeleeff classification and furnishes a rational basis 
for the understanding of valence and the formation of the different 
types of chemical compounds. 

On the basis of the more recent theories, the atom may be pictured 
as consisting of a central nucleus round which revolve a number of 
planetary electrons. The nucleus is extremely minute with dimen- 
sions of the order of cm. It consists of a number of neutral 

particles, or neutrons, and protons, each of which has the mass of 
the hydrogen atom, their total mass yielding the atomic weight of the 
element. Each proton carries a charge ^ nucleus with 



TABLE 

Periodic Arrangement of the 


Series 1 Period 

i 

ZERO 

GROUP 

GROUP I 
R2O 

GROUP II 
RO 

GROUP III 

R2O3 

GROUP rv ' 
RH4 ROj 

; 0 

1 






1 


Hydrogen 
H = 1*0078 
No. I 




2 

I 

Helium 

He = 4*002 
No. 2 

Lithium 

Li = 6*940 

No. 3 

Beryllium 
Be = 9*02 
No. 4 

Boron 
B = 10*82 
No. 5 

Carbon 
C = 12*010 
No. 6 

3 

2 

Neon 

Ne = 20*183 
No. 10 

Sodium 

Na = 22*997 

No. II 

Magnesium 
Mg = 24*32 
No. 12 

AJuminium 
A1 = 26*97 
No. 13 


4 

3 

Argon 

A == 39*944 
No. 18 

Potassium 

K =39*10 

No. 19 

Calcium 

Ca = 40*08 

No. 20 

Scandium 

Sc = 45*10 

No. 21 

Titanium 

Ti = 47*90 

No. 22 

5 


Copper 
Cu = 63*57 
No. 29 

Zinc 
Zn = 65*38 
No. 30 

Gallium 
Ga = 69*72 
No. 31 

Germanium 
Ge = 72*60 
No. 32 

6 

4 

Krypton 

Kr == 82*9 
No. 36 

Rubidium 

Rb = 85*44 

No. 37 

Strontium 

Sr = 87*63 

No. 38 

Yttrium 

Y = 88*92 

No. 39 

Zirconium 

Zr = 91*22 

No. 40 

7 


Silver 
Ag = 107*880 
No. 47 

Cadmium 
Cd = 112*41 
No. 48 

Indium 
In = 114*8 
No. 49 

Tin 

Sn = 118*70 
No. 50 

8 

5 

Xenon 

Xe — 130*2 
No. 54 

Caesium 

Cs = 132*81 

No. 55 

Barium 

Ba = 137*36 

No. 56 

Lanthanum 

La = 138*90 

No. 57 

Cerium 

Ce = 140*13 

No. 58 

9 






10 

6 





Hafnium 

Hf= 178*6 

No. 72 

II 


Gold 
Au = 197*2 
No. 79 

Mercury 
Hg = 200*61 
No. 80 

Thallium 
T1 = 204*39 
No. 81 

Lead 
Pb = 207*22 
No. 82 

12 

7 

Radon 

Rn = 222 
No. 86 

No. 87 

Radium 

Ra = 225*97 

No. 88 

No. 89 

Thorium 

Th = 232*12 
No, 90 


Elements not classified in the table 
Praseodymium Neodymium 
Pr ~ 140*92 Nd 144*27 
No. 59 No. 60 

Gadolinium 
Gd = 157*3 
No. 64 


above : 

Illinium 

n = i46(?) 
No. 61 „ 
Terbium 
Tb =» 159*2 
No. 65 


Samarium 
Sm = 150*43 
No. 62 
Dysprosium 
Dy = 162*46 
No. 66 


Europium 
Eu 152*0 
No. 63 








[II 


Elements (after MendeleeiF) 


GROUP V i 
i RH3 R^Os : 

GROUP VI ' 

RHg RO3 

GROUP VII ' 
RH R2O7 


GROUP VIII 


i i i : ; 

; ' ' i ' 

; ' 1 ' 

! ! i i 

i Nitrogen 

i N = 14*008 

No. 7^ 

Oxygen 
0 = i6*coo. 
No. 8 

Fluorine' 
F = 19*00; 
No. 9, 



1 

Phosphorus] 

1 P = 31*02 

No. 15] 

Sulphur 
S = 32*061 
No. 16: 

Chlorine 
Cl = 3S-457: 
No. 17 



i 

Vanadium j Chromium Manganese 

V == 50*95 |Cr = 52*01 iMn = 54*93 

No. 23 No. 24 .No. 25 

Iron 

Fe = 55*8 j. 
No. 26 

Cobalt 

Co = 58-94 
No. 27 

Nickel 

Ni = 5S-69 
No. 28 

Arsenic 
As = 74-93! 
No. 33; 

Selenium 
Se = 79-2' 
No. 34 

Bromine, 
Br = 79*916 
No. 35 




Columbium 

Cb = 93-3 

No. 41 

Molybdenum Masurium 

Mo = 96*0 Ma = ? 

No. 42 iNo. 43 

Ruthenium 
Ru = 101*7 
No. 44 

Rhodium 

Rh = 102*91 
No. 45 

Palladium 

Pd = ic6*7 
No. 46 

Antimony 
Sb = 121*76 
No. 51 

Tellurium 
Te == 127*5 
No. 52 

Iodine' 

I = 126-932! 

No. 531 i 



i i 



i 

Tantalum 

TaU= 181-4 
No^^ 

Tungsten 

W = 184*0 

No. 74 

Rhenium 1 

Re = 186-31 j 
No. 75 

Osmium 

Os — 190*8 
No. 76 

Iridium 

It = 193-1 

No, 77 

Platinum 

Pt ~ 195*23 
No. 78 

Bismuth 
Bi = 209-00 
No. 83 

No. 84 

! 

i 

No. 91 

Uranium 

U = 238*14 

No. 92 

No. 93 ; 



' 


Hohnium Erbium Thulium Ytterbium Lutecium 

Ho = 163-5 Er = 167*64 Tm = 169*4 Yb = 173*5 I-'i — ^75*0 
No. 67 No. 68 No. 69 No. 70 No. 71 
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Z protons carries a net positive charge of -j- Ze, Because the'^ 
atom in its normal state is electrically neutral, Z negative electrons 
spin planet-like in orbits or “shells” round the positively charged 
nucleus. Although the charge on the nucleus, or Atomic Number Z 
characterizes the position of the element in the Periodic Table, the 
nucleus itself is unimportant for the study of alloys, while on the 
other hand, the arrangements of the electrons in the various orbits 
play a vital part in the atomic structures of the elements and their 
alloys. 

The mass of the electron is only xsVa of the mass of the neutron, 
so that the contribution of the electrons to the atomic weight of the 
element may be considered to be negligible. From a detailed study 
of the atomic arrangements in several hundred compounds, it has 
been possible to assign a definite value to the effective radius of each 
atom. This turns out to be of the order of io~^ cm. When we 
consider the great difference in magnitude between the atomic radius 
and the size of the nucleus, it at once becomes apparent that by far 
the greater portion of the atom must consist of comparatively empty 
space. It is, therefore, relatively easy for atoms to move past each 
other in the diffusion processes which take place in the solid state. 

In Table IV is shown the Periodic Table as arranged by Bohr 
on the basis of the atomic numbers of the elements. Here the 
elements are arranged in such a way that each period is terminated 
by an inert gas. If we count the numbers of elements in each period, 
we find that they form a series 

z, 8, 8, i8, i8, 32 . . . 

and the atomic numbers of the inert elements form the series 

2 , 2-|-8, 2-l-8-j-8, 2-|-^ ^ • • • 

This strongly suggests that, as the atomic numbers of the elements 
increase, the electrons build up a succession of shells, each of which 
is fully completed when an inert element is reached. The reason 
for the chemical stability of the inert elements would appear to be 
found in the difficulty of removing electrons from closed shells, a 
fact which is borne out by the high electric potential which is required 
to ionize these elements. 

We can now, see why some atoms tend to form positively and 
some negatively charged ions. Each atom tends to lose or gain 
electrons' so as to be left with a completed outer shell, which, like 
those of the inert elements, is very stable. For example, fluorine, 
which has an atomic number equal to 9, has two electrons in the 
innermost K shell, and seven electrons in the outermost L shell. The 
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TABLE IV 


The Periodic Table of the Elements (Bokr) 



He 30' 


3 — Na ir 

4 Ug 

5 Al 

6 Si 

7 P 

8 S 

9 Cl 



atom requires a single electron to complete the octet in its outermost 
group and is therefore univalent. When in the process of chemical 
combination it succeeds in completing the L shell, the atom as a whole 
carries an excess negative charge — e, and therefore behaves as a singly 
charged univalent negative ion. On the other hand, the alkali 
metals, lithium, sodium, potassium, rubidium and caesium each have 
a solitary electron outside an inert gas shell, which requires very little 
energy to remove. This electron is removed in chemical processes, 
thus resulting in a univalent positively charged ion. Magnesium, 
with atomic number 12 has two electrons in the K shell, 8 electrons 
in the L shell and two more in the outermost M shell. Thus mag- 
nesium can easily lose either one or two electrons from the M shell 
and can be either monovalent or divalent when entering into chemical 
combination. 

Beyond argon, which has the atomic number 18 (2K, 8L, 8M 
electrons), the stable groups of eight electrons expand into groups of 
eighteen. This process takes place in the transition elements of the 
Long Periods. Scandium, the element following calcium which has 
two electrons in the outermost N shell, adds the extra electron to the 
inner M shell, instead of adding it to the N shell, a process which is 
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carried several stages farther in the next six transition elements which 
terminate at nickel. This process can best be followed by a study 
of Table V, in which is given the electronic structures of the elements. 
Upon the completion of the second long period, the stable group of 
eighteen electrons becomes expanded into one of thirty-two, the 
process taking place in the group of rare earth elements. These and 
the transition elements are indicated as enclosed groups in the Bohr 
arrangement. 

In Table V, it will be seen that each shell is divided into a number 
of subsidiary shells designated j, p, c/, /* . . . These arise from the 
number of possible energy states which the electrons may have. A 
full account of this necessitates describing the electrons mathemati- 
cally in terms of waves, rather than as discrete particles. We shall 
be confronted with this wave-like character of the electrons when we 
consider the formation of intermetallic compounds. 

The Nature of Interatoinic Forces in Crystals. The mag- 
nitude of the binding forces which hold the atoms together in solid 
bodies is influenced to a considerable degree by the grouping of the 
electrons in the outer shells. Thus we find crystals which are 
extremely soft and easily decomposed by heat, which therefore have 
only relatively weak linkages between the constituent atoms or groups 
of atoms, while the interatomic forces of hard and stable compounds 
must evidently be much greater in magnitude. A survey of the 
atomic arrangements in several hundred substances has led to a some- 
what arbitrary, but nevertheless extremely useful, division of inter- 
atomic linkages into a few discrete types, any one or all of which 
may be operative in a given compound. 

The heteropolar^ or ionic hond^ is the kind of structural linkage which 
occurs in a crystal like sodium chloride. The sodium atom has one 
valence electron in its outermost shell which is easily removed, leaving 
a positively charged ion with a stable, neon-like, L shell. On the 
other hand, chlorine requires a single electron to form an argon-like^ 
octet in its outermost shell in order to become a stable negatively 
charged ion. When sodium and chlorine enter into chemical com- 
bination, the sodium atoms yield up their loosely bound electrons to 
the atoms of chlorine. The atoms then arrange themselves spacially 
to produce a system of least potential energy. This condition is 
achieved when every negatively charged chlorine ion is surrounded 
by six positively charged sodium ions, and vice versa, so that on the 
whole the resulting structure consists of equal numbers of positively 
and negatively charged ions, and is consequently electrically neutral. 
The ionic bond may be looked upon very simply as the type of 
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linkage which results from the electrostatic attractive forces between 
positively and negatively charged ions. There is no formation of 
discrete molecules in ionic structures even though characteristic atomic 
groupings such as Si04 groups may exist in the solid state. 

When atoms which form purely electronegative ions are held 
together, the mechanism which produces the forces of attraction is 
rather different from that which obtains in the bond between electro- _ 
positive and electronegative ions. The homopolar bond or covalent*" 
linkage which holds electronegative ions together is caused by the 
sharing of electrons, such that each shared electron spends part of its 
time in the outermost shell of one atom and part of its time in the 
outermost shell of its neighbour. Such an electron does a double 
duty by helping to fill up the shells of the atoms among which it is 
shared. The principal elements which form homopolar bonds are 
C and Si, N and P, O, S, Se, Te, H, F, Cl, Br and I. In crystals 
such as diamond and carborundum, SiC, the homopolar forces holding 
the atoms together are very strong, and the crystal, taken as a w^hole, 
may be considered as one gigantic molecule. Such materials have 
high melting and high boiling points. 

The operation of the homopolar bond may also lead to the for- 
mation of discrete molecules as exemplified by the crystals of organic 
compounds. Such molecules, although electrically neutral, have 
distorted electron configurations, the centres of gravity of which do 
not quite coincide with the centres of gravity of the positive charges 
of the various nuclei. The molecules then act as minute electric 
dipoles which can exert weak attractive forces, known as Van der 
Waald forces^ upon each other. A relatively low temperature suffices 
to overcome the Van der Waals’ attraction and pull the molecules 
apart from each other. Low temperatures of liquefaction and 
vaporization are thus characteristic of organic compounds, but in 
order to dissociate the molecules into discrete atoms, very much 
higher temperatures are required. 

Finally, we have that class of substance, the true metal, which, 
in the solid state, consists entirely of electropositive ions held together 
by the neutralizing field of the detached valence electrons which can 
move freely between them. The valence electrons are too few in 
number to permit the completion of stable outer shells by the addition 
of further electrons from neighbouring atoms, a circumstance which 
rules out the possibility of the formation of stable positive and negative 
ions and prevents the occurrence of ionic linkages. The valence 
electrons are also too few in number to allow the formation of strong 
homopolar bonds between adjacent pairs of atoms. These lightly 
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bound electrons which become stripped from the outermost shells 
of the atoms may be considered on the average as a highly mobile 
negative fluid spread continuously over the whole of the space between 
the ions. Thus, in the case of the metallic bond, the valence electrons 
may be considered to belong to the lattice as a whole and not to any 
individual atom or group of atoms. 

Naturally, as the number of valence electrons in the outermost 
shell increases, the possibility of linkages other than the purely 
metallic bond becomes correspondingly greater. Gradually, as the 
atomic number increases, the non-directional interatomic forces 
characteristic of the true metal give place to a closer linking of certain 
atoms with their immediate neighbours, until finally we obtain the 
true homopolar link typified in the diatomic molecules of Fa, Clg, 
Br* and la. 

The Crystal Structures of the Metals. The atomic arrange- 
ments in the elements are, as we have seen, considerably influ- 
enced by the structure of the outermost electron shells of the 
atoms. Where the non-directional type of metallic linkage is pre- 
dominant, the atoms tend to pack together in the simplest possible 
manner after the fashion of spheres of similar size. This is singularly 
fortunate from the X-ray investigator’s point of view, for it means 
that with few exceptions relatively simple atomic arrangements are 
possessed by the industrially important metals. 

X-ray investigation has shown that copper, aluminium, nickel, 
silver and gold all possess face-centred cubic structures. Iron 
(ferrite) is body-centred cubic, while zinc, magnesium and cadmium 
have hexagonal close-packed structures. The atomic packing in 
these simple structures displays a high degree of symmetry which 
contributes in great measure to the ductility and the other physical 
properties shown by these metals. Their plasticity can be attributed 
to the ease in which movement in certain directions on specific 
crystallographic planes can take place. The planes of highest atomic 
density are able to slide over each other under the action of surpris- 
ingly small shearing forces, with the result that slip takes place in 
the direction of the line of closest packing of the atoms. Owing to 
the high symmetry displayed by the lattices of the common metals, 
these glide processes .can be studied in great detail by the X-ray 
method.s. 

The three simple types of structure have been designated Ai, 
Az, A3 in the Strukturhericht of the Zeitschrift fur Kristallographie. 
A I and A3 correspond to structures of closest packing, that is, to 
symmetrical ways in which spheres of equal radii can be packed 
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together so as to occupy the minimum volume. These are the face- 
centred cubic and hexagonal close-packed arrangements described 
below. The third structure, that of the body-centred cube, which 
is not quite so tightly packed, is denoted by the symbol A2. 

The Face-Centred Cubic Structure (A1 Type). The 
manner in which spheres can be most closely packed together in a 
plane is readily understood. The centre of each sphere in such a 
close packed arrangement will He at the corner of an equilateral 
triangle and each sphere will be surrounded by a hexagon formed by 
six immediate neighbours in contact with it. These spheres are 
marked (/f) in Fig. 59. We can now lay an identical sphere ( 5 ) 
on this layer so that it nestles in contact with three spheres below it. 
By continuing to lay similar spheres on the layer below, we finally 
build up a second layer, identical with the first one, and in doing so 



Ai A3 

Fig. 59. — Close packing of spheres (Plan). 

(Ai) Superposition of layers in face-centred cubic form of closest packing. 
(A3) Superposition of layers in hexagonal form of closest packing. 


we cover the centre of every alternate triangle of the bottom layer 
by a sphere in layer ( 5 ). A third identical layer is now added above 
layer (B) but with its spheres (C) lying vertically above the centres 
of the unoccupied triangles of the nethermost layer, and the sequence 
is repeated indefinitely giving the series ABC ABC ABC ABC. . . . 

The arrangement seen in plan is that of the face-centred cubic lattice 
when viewed in the direction of a cube diagonal. Fig. 60 shows the 
nature of the structure with one of the planes of closest packing 
exposed. Since each sphere is in contact with a ring of six neigh- 
bours in its own layer and with three in each of the layers immediately 
above and below it, the total number of closest neighbours, or co- 
ordination number^ is twelve. 

The closest packed planes form the octahedral faces {m}* 
There are only four series of {m} planes since the opposite faces 
of the octahedron are parallel to each other. The most densely 
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packed lines of the structure run in the directions of the tace diagonals, 
and are therefore <iiOy directions. These are twelve in number 
and are perpendicular in direction to the twelve faces of the regular 
dodecahedron which have the crystal form {i lo}. The face-centred 



So. Face-centred cubic form of closest packing of spheres, showing (iii) 

plane and unit cell. 


cubic lattice, having four closely packed planes {iii} and twelve 
closely packed directions, has the highest degree of atomic concen- 
tration Ld symmetry to be found in any crystal structure The 
metals with this type of lattice are very ductile and are good conductors 
of heat and electricity. 

Tke Hexagonal Close-Packed Structure (A3). The hex- 
agonal close-packed structure differs from the 
cubic form of close packing in the manner in 
which the layers of spheres are assembled. 
The first two layers overlap in the same way as 
in the cubic arrangement. The third layer is 
such that the spheres in it lie imniediately 
above those in layer instead of fitting over 
the unoccupied centres of layer (5) as in the 
cubic arrangement. The view shown in the 
drawing of Fig. 59^ the one obtained look- 
ing straight down the hexagonal axis of the 
structure. A perspective view of the same structure is shown in 
Fig. 6i. It will be appreciated at once that the hexagonal and 



Fig. 6i. — Hexagonal close 
packing of equal spheres. 
As. 
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cubic structures described above are equally close packed, having 
each a co-ordination number twelve, and that'the hexagonal arrange- 
ment is at the same time the less symmetrical of the two. 

. P^3.nes of closest packing are the basal planes -[oooi}, of 
which there is only one set as compared with the four sets of planes 
{i I r } parallel to the octahedral faces of the cubic cr)-stal. The most 
closely packed directions in the hexagonal structure, ^ii20y, are 
parallel to the first-order prism faces {loTo}, and are only three in 
number as compared with the twelve 
-(no) most closely packed directions of 
the face-centred cube. Glide takes place 
on the basal plane, perpendicular to the 
hexagonal axis and in the {1120'y direc- 
tions, but the freedom of slip is less than 
that of the face-centred cubic lattice by 
reason of the fewer equivalent directions 
in the structure. 

The axial ratio cj a for the hexagonal 
close packing of perfect spheres is equal 
to 1-633 ; I. This value is obtained as ratio 
follows : s-jucture. 

Let ABC in Fig. 62 represent the centres of three adjacent spheres 
in the basal plane, and let T) and £ be spheres in planes immediately 
above and below ABC, which nestle in contact with A, B and C. 

We have BC = a, the edge of the unit cell of height 

DE = iBF = c. 

The height of the tetrahedron ABCD is clearly 

Hence c — Q.DF = and therefore the axial ratio 



in hexagonal close-packed 


‘a = J\= 


It is found that the axial ratios of the hexagonal close-packed 
elements deviate quite appreciably from this ideal value. For Be, 
Mg, Zn and Cd, the values of c/a are 1-584, 1-6236, 1-856 and 
1-8859 respectively. The atoms in these cases are thus behaving as 
ellipsoids rather than as hard, incompressible spheres, and these 
deviations are connected with the nature of the electron grouping in 
the outer shells of the atoms. 
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The Body-Centred Cubic Structure (A 2 ). :The body-centred 
cubic structure has atoms at cube corners and cube centres as illus- 
trated in Fig. 63. 

It is not quite as closely packed as structures Ai and A35 for 
each sphere has eight neighbours in contact with it compared with 
twelve in each of the close-packed lattices described above. The 
closest packed planes have the form {no}, of which there are six 
sets. The atoms in these planes are clearly not 
as closely packed as those in the {m} planes 
of the face-centred cube. It is this absence of 
an outstanding set of closely packed planes 
which enables a number of alternative sets of 
planes to function as planes of slip, namely 
{iio}, {112} and {123}. The most closely 
Fig. 63. -Body-centred packed rows in the lattice, in which directions 
spheres. Aa. Eight- Slip tends to take place are <( 1 1 1 / which form 

unit cells are stacked a Set of fouT, having directions perpendicular 
together in the illustra- i 

tion. to the octahedral planes of the cube. 

The slip processes described above are pos- 
sible mainly because of the non-directional character of the metallic 
bond which gives the crystal a “self-healing’" power as the atom 
planes slide over each other, for the interatomic linkages reform as 
soon as they are broken. In crystals, where the interatomic forces 
are strongly directional and which often have a more complicated 
atomic pattern, there are no well-defined planes of closest packing, 
directions of slip, or deformation. Under the action of external 
forces, the linkages between the atoms, once broken, remain per- 
manently so. Such crystals are therefore relatively brittle. 

The “ (8 -- N)-Rule'^ We have already described how there 
is a gradual loss of metallic properties as we approach the end of each 
Period in the classification of the elements. The change in electronic 
structure which occurs in the outermost shells of the atoms reveals 
itself in a most interesting way. Owing to the tendency to form 
homopolar linkages by the sharing of electrons between adjacent 
atoms, the crystal structures of the elements near the end of the 
Periods, namely those that fall in the B subgroups, are distinguished 
by the building up of characteristic groups of closest neighbours. 
In fact, so close do the atoms approach that in many cases their outer 
shells overlap to a considerable degree. Examination of the elements 
in the B subgroups shows that the structures crystallize in such a 
manner that each atom has (8 — iV) closest neighbours, where N is 
the number of the Group to which the element belongs. 
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The elements in Group IVB, carbon (diamond), silicon, ger- 
manium and grey tin possess the well-known atomic arrangement of 
diamond which is illustrated in Fig. 64, Each atom lies at the 
centroid of a tetrahedron formed by four near neighbours. Here, 
then, the number of closest neighbours is 8 minus the group number 4. 

The elements of Group VB, arsenic, antimony and bismuth have 
been found to crystallize with (8 — 5) or three nearest neighbours. 



Fig. 64. — Structures which conform to the (8— iV)-Rule. (Stnikturbericht.) 

In the antimony structure, illustrated in Fig. 64 (^), the atoms are 
arranged in double layers, each atom having three closest neighbours 
and another three at a rather greater distance of approach. 

In Fig. 64 (d) is shown the structure of tellurium. This element 
and selenium, which fall in Group VIB, are characterized by spiral 
chains of atoms in which each atom has two cl(^e neighbours. Again, 
this is in accordance with the (8 — iV)-Rule. 

Finally, in Group VII, we have the iodine structure which is 
illustrated in Fig. 64 (c). This reveals the presence of pairs of atoms 
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which correspond to the diatomic molecules of gaseous chlorine and 
bromine, so that in this instance each atom has one close neighbour. 

We are now in a position to understand why the axial ratios of 
zinc and cadmium are not exactly equal to 1*633. The type of inter- 
atomic linkage which eventually leads to the (8 — iV)-Rule of closest 
neighbours is just beginning to influence the elements in Group IIB, 
and in consequence the atoms in zinc and cadmium have six close 
neighbours and six at a slightly greater distance. Mercury, which 
is also in Group I IB, crystallizes in a simple rhombohedral structure 
in which each atom has six close neighbours. 

Manganese, gallium and one form of tungsten crystallize with 
complex structures. The j 5 -form of manganese is cubic with 58 
atoms in the unit cell, while gallium has recently been shown to have 
a complex orthorhombic structure. 

AUotropic Modifications of the Metallic Elements. A 
feature of great interest and importance is the ability of several of the 
elements to exist in more than one crystalline form due to differences 
in the arrangements of their atoms. Such varieties of structure are 
termed allotropic or polymorphic modifications, and an element may 
be di- or tri-morphic according to whether it possesses two or three 
allotropic forms. X-ray investigation has revealed allotropic forms 
of at least seventeen metals and metalloids, as well as several non- 
metals. 

Changes in atomic arrangement with change in temperature are 
fairly frequent, the classic example being the transition from white 
(tetragonal) tin to the grey (cubic diamond) powder when the tem- 
perature is reduced below 18 ° C. Perhaps the most important and 
interesting series of allotropic changes is the one which occurs in 
iron, which forms the basis of the heat treatment of steel. 

For many years, it was supposed that there were four different 
structural forms of iron, «, y and 5 , based mainly upon the evidence 
obtained from the thermal arrests found in heating- and cooling- 
curves. Thanks to the brilliant researches of Arne Westgren and 
G. Phragmen who were among the first to apply X-ray diffraction 
methods to the study of metals and their alloys, the true nature of 
the thermal arrests in iron were discovered. They used a specially 
designed high-temperature Debye-Scherrer camera, in which the 
specimen was a filament of pure iron wire heated by an electric current. 

Westgren and Phragmen made the interesting discovery that the 
Curie point at 768° C. was not marked by a change in atomic arrange- 
ment as had been inferred from the thermal arrests in the cooling 
curves of pure iron. Instead, the room-temperature body-centred 
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cubic a-form (ferrite) persists right up to the temperature of 909" C. 
(the As point) when the structure instantly transforms to /-iron, or 
austenite, which the Debye-Scherrer photographs show to possess 
the face-centred cubic arrangement of atoms. At 1403" C., an 
allotropic transformation back again to the original body-centred 
cubic arrangement was found to occur and persist up to the melting 
point. The so-called / 9 -iron is not a unique structural modification 
of the iron lattice but merely the a-form in a non-magnetic condition. 
The X-ray evidence shows quite clearly that only two genuine poly- 
morphic transformations occur, namely a / at the A3 point and 
/ < 5 (=a) at A4. 

As the temperatxire rises, the thermal expansion of the iron is 
marked by an increase in the dimensions of the unit cell which 



Fig. 65. — Lattice Parameters of the polymorphic forms of iron according 

to W. Schmidt. 


causes a slight movement of the lines in the diflFraction spectrum. 
W. Schmidt has made a study of the changes in lattice parameters which 
accompany the rise in temperature of the metal. His experimental 
results are recorded in Fig. 65. The discontinuities in the curves 
reveal the temperatures at which the polymorphic changes are under- 
gone by the crystal structure. 

Quite a number of elements when deposited electrolytically reveal 
polymorphic forms not found when prepared in the more orthodox 
manner. Chromium and nickel are both hexagonal close packed 
when electrolytically deposited, although the former is body-centred 
cubic and the latter face-centred cubic in the normal room temper- 
ature form. Table VI gives a list of polymorphic modifications in 
metals and metalloids. 
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TABLE VI 


Allotropic Modifications of Metals and Metalloids 


Metal 

Form 

Stable Range 

Crystal Structure 


Beryllium 

a 

To 630® 

Hexagonal close-packed 

A3 



630° to melting-point 

Hexagonal 


Calcium 

a 

To 450° C. 

Face-centred cubic 

Ai 


p 

300° C, to 450° C. 

Tending to face-centred cubic 

Ai 


y 

Above 450° C. 

Hexagonal close-packed 

A3 

Carbon 

Diamond 

Cubic 

A4 


oc 


Hexagonal 

Rhombohedral 

A9 

♦ 

Cerium 

a 

To melting-point 

Hexagonal close-packed 

A3 



Room temperature 

Face-centred cubic 

Ai 

Chromium 

Ot 

To melting-point 

Body-centred cubic 

A2 



Electrolytic form 

Hexagonal close-packed 

As 


y 

Room temperature only 

Cubic (body-centred) 

Ai2 

Cobalt 

a 

To 420° C. 

Hexagonal close-packed 

Ast 


& 

420® C. to melting-point 

Face-centred cubic 

Ai 

Iron 

a 

To 909® C- 

Body-centred cubic 

A2 


y 

909® C. to 1403° C. 

Face-centred cubic 

Ai 


d 

1403® C- to melting-point 

Body-centred cubic 

A2 

Lanthanum 

a 

To melting-point 

Hexagonal dose-packed 

A2 


iff 

Room temperature 

Face-centred cubic 

Ai 

Manganese 

a 

To 742® C. 

Cubic (58 atoms b.c.) 

Ai2 

JS 

742® C. to ii9i®C, 

Cubic (20 atoms) 

A13 


fy 

ii9i®C- to melting-point 

Tetragonal face-centred 

A6 


iy 

Electrolytic form 

Tetragonal face-centred 

A6 

Nickel 

a 

To melting-point 

Face-centred cubic 

Ai 


iff 

Electrolytic form 

Hexagonal dose-packed 

A3 

Rhodium 

a 

Electrolytic form 

Cubic — ^unique type 



iff 

1 8® C. to melting-point 

Face-centred cubic 

Ai 

Selenium 

a 

Room temperature 

Monoclinic — ^unique type 



iff 

Room temperature 

MonocHnic — ^unique type 

A8 


V 

Room temperature 

Hexagonal 

Thallium 

a 

To 231® C. 

Hexagonal close-packed 

As 


iff 

231® C. to melting-point 

Body-centred cubic 

A2 

Tin 

a 

To 18® C. 

Diamond cubic 

A4 


iff 

18° C. to 1 61® C. 

Tetragonal 

As 


y 

1 6 1® C. to melting-point 

Hexagonal dose-packed 

As 

Tungsten 

a 

To melting-point 

Body-centred cubic 

A2 

iff 

Electrolytic form 

Cubic (eight atoms) 


Uranium 

a 

Room temperature 

Monoclinic, face-centred cubic 


iff 

To melting-point 

Body-centred cubic 

A2 

Zirconium 

a 

To 862® C. 

Hexagonal dose-packed 

As 


iff 

862® C. to melting-point 

Body-centred cubic 

A2 


* Closely related to Ag, 

I OftW a mixture of Ai and A3 according to previous history. 





IG. 66. — Powder photograph of pure cobalt showing mixture of sharp and diffuse spectra 

due to lattice “mistakes.” 

9-cm. diameter Debye-Scherrer camera. Van Arkel type. Ni Ka radiation, monochromatized by 
sntaerithritol. 

(O. S. Edw-ards and H. Lipson, Prec- Roy. Soc. (A) 180 , a68, 1942.) 



Fig. 69. — Powder Photograms of Copper-Zinc Alloys. FeK(oc + / 3 ) radiation. 
Phragmen type Seemann-Bohlin camera recording higher orders only. 
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It is believed that hydrogen, or traces of impurity, are responsible 
for many of the polymorphic varieties which have been reported and 
which subsequent investigation has shown not to exist* P. W. 
Bridgeman/^^^ in his experiments on the effects of high pressures, has 
claimed that he has obtained a new modification of zinc, but this 
discovery has not as yet been confirmed by X-ray methods. 

Imperfections in the Structure of Cobalt. The structure 
of cobalt is somewhat ’ anomalous as it often occurs as an intimate 
mixture of hexagonal and face-centred cubic forms. The Debye- 
Scherrer photograph gives a mixture of the hexagonal and cubic 
patterns, but some of the lines belonging to the hexagonal form are 
broadened by varying amounts as shown in Fig. 66. 

The reason for the peculiar powder photograph lies in the close 
relationship between the cubic and hexagonal forms of closest packing. 
In cubic close packing, the sequence of spheres, as we have seen, is 
ABCABCABC . . . while in hexagonal close packing the sequence is 
ABABABABAB. . . . Actually we could have an infinite number 
of ways of close-packing spheres if we stacked up a few layers in cubic 
array, then a few more in hexagonal array, then back to cubic, then 
cubic again shifted by one interatomic distance, and so on, with each 
structural layer having a quite arbitrary^ thickness. The structure 
may be visualized as having a series of occasional faults which makes 
a sequence like ABABAB . . . change into a sequence BCBCBCBC 
. . ABCABC . . ., and so on. Lipson and Edwards, and Wilson 
estimate that the faults occur on the average between every ten planes 
or so. 

From the way the two forms are derived, we see that the planes 
of closest packing are at one and the same time the (oooi) planes of 
the hexagonal lattice and the (m) planes of the cubic forms. Re- 
flexions from these planes will be perfectly sharp and overlap on the 
powder photograph, while among the other reflexions, those which 
are aflFected by the structural irregularity will be broadened. The 
full story of the X-ray effects is too complex to be related here, and 
reference must be made to the original literature. It should be noted, 
however, that the effect occurs in very pure cobalt and does not result 
from small amounts of contamination. 

The Atomic Radii of the Elements. In the face-centred 
cube of lattice parameter the closest distance of approach of the 
atoms is half the length of the face diagonal or a^^/ 2/2. For the 
body-centred cube it is half the cube diagonal, 3/2. In cubic 
structures with the diamond type of lattice, of which silicon is an 




Fig. 67. — Inter-atomic distances in crystals of the elements. (W. Hume-RotiIery, The Structure of Metals and Alloys.) 
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example, the closest distance of approach becomes 3/ 4- In a 
hexagonal close-packed structure such as zinc, the distance between 
an atom and its six nearest neighbours in the basal plane is a. The 
distance between an atom and its three neighbours in each of the 


layers immediately above and below works out as 



4 


Were 


the axial ratio c/a exactly equal to 1*633, expression would 

then equal and all the twelve neighbours would be at the same 
distance, which is the case in the face-centred cubic arrangement. 

If we pack together spheres of radius r, each having a volume 
frrr® or 4«i8r®, we find that the volume of structure per sphere in the 
A I and A3 forms of packing is 5-66r®, and 6-i6r® in A2. It some- 
times happens that an element may have the polymorphic forms A2 
and A I (or A3). According to V. M. Goldschmidt, the atomic 
radius is about 3 per cent, smaller for the A2 structure where the co- 
ordination number is eight than for Ai or A3 in which the co- 
ordination number is twelve. The result is that the volume of 
structure per atom is almost the same for both types of co-ordination 
although the interatomic distances are different. An atom which 
enters into solid solution must therefore be given an ionic radius 
appropriate to the number of its nearest neighbours. 

For completeness, a plot of the closest distance of approach for 
the elements is given in Fig. 67. The periodic dependence of the 
interatomic distance on atomic number is quite apparent. For a 
fuller discussion of the subject, the reader is referred to Hume- 
Rothery^s excellent monograph The Structure of M.etah and Alloys. 



CHAPTER VIII 


THE STUDY OF THERMAL EQUILIBRIUM DIAGRAMS 
BY X-RAY METHODS 

Tlie Nature of Alloys. The properties of the metallic 
elements are so limited in character that in the pure state they are 
quite unsuitable for the numerous functions required of metals in 
the modern world. It is a practice, familiar from earliest times, to 
improve the properties of metals by melting two or more of them 
together, by which means alloys are formed, having characteristics 
over which a high degree of control can be established. Melting, 
though still the most important method whereby alloys are produced, 
is not the only one. It is possible to produce alloys by the simul- 
taneous deposition of component metals either from the vapour phase 
or by electrolysis from solution. A method of growing importance 
is that of “powder-metallurgy”, in which intimate mixtures of care- 
fully graded metal powders are compressed and sintered at an appro- 
priate temperature. Such compacts are seldom in a state of true 
equilibrium. 

With very few exceptions, the metals are completely miscible in 
the liquid state. Two metals which may be completely miscible when 
liquid do not necessarily remain so when the alloys have solidified. 
Complete solid-solubility is fairly common, examples being the gold- 
silver, tungsten-molybdenum and the copper-nickel binary systems. 
Much more frequent is the occurrence of partial solid-solubility of 
one element in another. The formation of intermediate phases and 
“intermetallic compounds” which are often accompanied by the 
violent evolution of heat is another feature encountered in the alloying 
process. Metals which are completely miscible as liquids occasionally 
segregate out from one another on cooling and become completely 
immiscible in the solid state. 

Types oi Solid Solution. We have already seen how each 
element possesses a characteristic atomic arrangement and how the 
majority of metals crystallize in one or other of the cubic or hexagonal 
forms of packing. If we take a sample of pure copper which has a 
face-centred cubic lattice and alloy with it a small amount of zinc, 
we find that a homogeneous alloy, «-brass, results. The appearance 
of the alloy under the microscope after the usual metallographic 
process of polishing and etching is very little different from that of 
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pure copper, while the X-ray diffraction pattern obtained in a Debye- 
Scherrer camera from such an alloy is essentially the same as that of 
the parent metal, copper* 

The zinc is said to have gone into solution in the copper. In 
the example we are discussing, atoms of zinc have replaced some of 
the copper atoms in the parent lattice and so formed a substitutional 
type of primary solid solution. The zinc atoms are slightly larger 
than those of copper, so that one of the consequences of the sub- 
stitution is a slight distortion of the copper lattice in accommodating 
the atoms of zinc. The random distribution of the atoms of zinc is 
accompanied by an increase in the mean size of the unit cell which 
causes a slight displacement of the X-ray spectra. 

The substitution does not go on indefinitely. Instead of zinc 
continuing to go into solution, a new structure ’which is body-centred 
cubic commences to form, and exists side by side with the original 
face-centred cubic structure. The occurrence of this new structure, 
or intermediate phase ^ is at once apparent as a new constituent in the 
microstructure or as a new pattern of lines in the Debye-Scherrer 
photographs. It increases with the addition of zinc until all the face- 
centred cubic structure has disappeared (Figs. 68 and 69).^ 

Continued addition of zinc results in the formation of ne’w phase- 
structures, xmtil finally we arrive at pure zinc which has a hexagonal 
close-packed lattice. Each of the separate phase-structures gives its 
own characteristic X-ray diflFraction pattern, while alloys in the two- 
phase regions yield a spectrum containing the two overlapping 
diffraction patterns which belong to the single-phase alloys lying 
adjacent the two-phase regions. 

Provided X-ray photographs of the separate phase-structures can 
be obtained for identification purposes, the application of Debye- 
Scherrer photographs to the study of phase diagrams entails a con- 
siderable simplification and saving of time. It is more certain than the 
classical method involving the use of the microscope, for this depends 
so much upon the etching characteristics of the various constituents. 

In addition to the substitutional type of solid-solution which 
embraces by far the largest number of alloys, there are other but none 
the less important types. Elements such as carbon, boron, hydrogen 
or nitrogen have very small ionic radii and are capable of fitting in the 
interstices between the atoms in the lattice of the parent metal. These 
form the well-known interstitial type of solid solution. One of the 
most important alloys in this class is austenitic steel which is essentially 
y-iron with only a very small percentage of carbon in solution. 

* Fig. 69 fadng p. 119. 
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Quite recently, a third type of solid solution in alloy systems has 
been discovered. It takes the form of a defect-lattice. Such a lattice 
results from the absence of atoms which would normally occupy 
lattice points, leaving vacant atomic sites distributed at random 
throughout the lattice. The first examples of alloy defect-lattices 
were found to occur among the /?-nickel-aluminium alloys and soon 
afterwards in iron-nickel-aluminium, cobalt-aluminium and copper- 



nickel-aluminium alloys. The existence of the defects causes local 
contractions in the lattice and considerable decreases in lattice para- 
meters are readily observed.^®^^ 

Defect and interstitial types can be discerned from substitutional 
solid solutions by means of the number of atoms per unit cell calcu- 
lated from the lattice parameters, the densities, and the chemical 
constitutions of the alloys. 

The Thermal Equilibrium Diagram — ^Underlying Princi- 
ples. A thermal equilibrium diagram is a graphical means of dis- 
playing and correlating the dependence of the different phases of an 
alloy system upon temperature and composition. It contains a 
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tremendous amount of useful information in compact form. As the 
name implies, the condition to which the diagram refers is one of 
strict thermodynamic equilibrium, a state which is seldom if ever 
completely attained in practice. Indeed, the most interesting and 
useful properties are often attained only when the alloy is far removed 
from its true equilibrium condition. Nevertheless, the properties can 
still be described in terms of the extent of the departure from the 
ideal state. 

When a thermodynamic system tends towards equilibrium, the 
condition ultimately attained is one of lowest potential energy or of 
greatest entropy. In a chemical reaction, a quantity known as the 
thermodynamic potential is used which expresses the tendency to change 
from one state of combination to another. 

According to J. Willard Gibbs,^^^^ a system formed bv a number 
of component substances sets itself in equilibrium at a given tem- 
perature and pressure, so that the f-function 

f = f 4- pv 

tends towards a minimum. J is the thermodynamic potential, e the 
internal energy, T the absolute temperature, the entropy, and p 
and V are the pressure and volumes respectively of the system under 
consideration. This principle was applied many years later by Rvn 
van Alkemade to the equilibria existing between salt solutions and 
their crystalline solid phases. 

In a two-component or binary system, each phase-state can be 
represented by a point which is fixed by giving the concentration of 
the phase, and the f -value at a given p and 71 The values of f are 
plotted as ordinates and the compositions of the mixtures plotted as 
abscissae. These latter should be expressed in terms of grams or 
gram-molecules per unit volume of mixture, but with certain reserva- 
tions the composition may be expressed more simply in terms of 
molecular, atomic, or even weights per cent.^^^^ In the simplest case 
of all, when two components A and B are completely miscible, the 
C values for all compositions between o and lOO per cent. E form a 
continuous curve which is convex downwards. 

H. W. B. Roozeboom converted these theoretical ^-curves 
into temperature-concentration diagrams which are the prototypes of 
the phase equilibrium diagrams used to-day by the practical metal- 
lurgist. He showed that there were five main types of binary 
temperature-concentration diagram, and that any type or combination 
of types could exist in any actual binary system. Among the first- 
fruits of his researches was the construction of the iron-carbon 
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equilibrium diagram in which he reinterpreted the cooling curve data 
obtained by Roberts-Austen, 

Basic Forms of the Thermal Equilibrium Diagram. We 
shall now describe the basic forms of binary diagram of which Type I 

is the simplest. Alloys belonging to 
Type I occur when the two components 
^ and jB, which are of the same crystal 
type, are miscible in all proportions in 
the solid and the liquid states, and when 
the freezing points of all the intermediate 
compositions lie between those of A and 
The copper-nickel system is an ex- 
cellent example. 

Let B have the higher melting-point. 
At temperatures above the melting-point 
of the f-curve of the solid state, 
*5, must lie completely above L, the 
f -curve-liquid, because only the liquid 
state can exist. At the melting-point of 
By both curves intersect the C-axis in a 
common point. 



concentration 
(«) 



(^) 


Fig. 70. — Derivation of Type I equilibrium diagram. 


At lower temperatures, below the melting-point of By solid 
crystals can deposit from the melt. For this to occur, it is necessary 
that a portion of the iS-curve should come below the Zr-curve. The 
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co-existing phases are now found by the points of contact of the 
common tangent which can be drawn to the two curves. Let the 
abscissae values of the points of contact be a and b (Figs. 70, II). 
Then the stable states possible at the temperature considered are: 

Liquid phases from the pure component A to a. 

Liquid phase of composition a in equilibrium with solid of com- 
position by in which the proportions of a and b can varj" 
according to the average composition of the alloy between 
them, and 

Solid-solution ranging in composition from b to B. 

As the temperature falls, the curve S falls more and more below L, 
so that a progressively larger region of stable solid solution occurs. 
Finally, at temperatures below that of the melting-point of Ay only 
solid-solution in all proportions can exist. 

If we associate the temperatures T at which solid and liquid co- 
exist with the concentrations of the phases, we obtain the thermal- 
equilibrium diagram shown in Fig. 70 (^). 

All points above the upper curve, the liquidus, in this C-T plane 
indicate stable liquid phase. All points below the lower curve, the 
solidus, indicate stable solid solution. The extremities of horizontal 
lines drawn between both curves gives the compositions of the co- 
existing solid and liquid phases. 

The freezing of an alloy of composition m occurs in the following 
way. It commences at the temperature of the point rty and the 
skeletal solid crystals or dendrites which first appear have the com- 
position 0. The composition of the melt is changed, being less rich 
in By and it continues to change from n to py while the composition 
of the solid solution, which is evened up by diflFusion processes, runs 
through all points from 0 to y. At the temperature of the line pq^ 
the alloy is completely frozen to homogeneous solid solution of the 
same composition as the melt from which it originated. 

By taking different curvatures of the S and L curves, it is possible 
to derive other types of temperature-concentration diagrams as shown 
in diagrams ay by c and d. 

Figs. 71 {a) and 71 (^) represent Types II and III where a maxi- 
mum and a minimum occur in the solidus-liquidus curves. 

Fig. 71 (r) shows the ‘‘peritectic*’' type of equilibrium diagram. 
Type IV. There is a miscibility-gap in the solid state so that two 
solid phases of different composition can coexist. All points above 
the curves CE and Z)£ indicate homogeneous liquid. Coexisting 
with the liquid phases existing along the curve Z)£, we can have solid 
solutions belonging to the curve DG, 
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Below the temperature t of the point £, melt of compositions CE 
can coexist with the appropriate solid solutions along the line CF. 
There is thus a discontinuous change-over from solid solution G 



A BA BA BA 8 

Maximum Minimum Peritectic Eutectic 

{a) Type II {]>) Type III (c) Type IV {d) Type V 

Fig, 71. — Derivation of Types II, III, IV, and V binary equilibrium diagrams- 

to solid solution F which can coexist together with the melt E. 
At the temperature of E, the following peritectic reaction will 
occur : 

Solid G -h Liquid E — Solid F. 

Type V is the eutectic type shown in Fig. ‘-jid. Here again we 
have a solubility gap in the solid state, but in this case the addition 
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oi B to A or A to B lowers the freezing-point of either of them. 
At the temperature of the eutectic point we can have solid 
of compositions F and G in equilibrium with liquid of composi- 
tion E. Below the eutectic temperature, only two solid phases can 
coexist. 

The same types of temperature-concentration diagram still apply, 
even when A and B form two different crystal types. In these cases, 
we merely have to use different 
f -curves corresponding to each / 

crystal type. If a and ^ are the \s^ 3^ / 2 / 

two types, we can again obtain ^ . I 

the peritectic and eutectic types ^ / 

of diagram. Such a binary 

eutectic is shown in Fig. 72. ' ! 1 j 1 

Only one curve, f is required ^ 

because in the case considered v ^ A > 

the components are completely ^ //; / 

miscible in the liquid state. V 

Fig. 72/^ illustrates the split- ! 

ting up of a homogeneous solid "III 1 1 

solution into two solid phases. — ^ i ^ — i ! 

This is a very simple example / 

of a phase change which can // 

occur in the solid state. Changes ^ 

in the solid state analogous to ^ j 

the peritectic and eutectic reac- ^:rr ! 

tions can occur and are desig- _A l_ _J [_ 

nated peritectoid and eutectoid. 

In these cases, instead of having / / 

to consider the common tangents \ N. / j 
to the S and L curves, we merely T \ — V A T / \ 

have to consider those to the a+Q al a + a' \l 

fa^, curves. | \ / \ 

In practice, we meet quite BA B 

complicated equilibrium dia- (a) {b) 

grams which run through a large 

Qpmipnrpof Eutectic formed by two crystal types. 

sequence or pnases. i nese may Miscibility gap formed in the solid state, 

be looked upon as being com- 
posed of the more elementary types placed side by side so that one 
links naturally with the other, but the underlying principles are 
exactly the same as for the prototypes. 

The relative quantities of the phases coexisting in equilibrium 


A BA B 

(^) W 

Fig. 72. 

(a) Eutectic formed by two crystal types. 

{b) Miscibility gap formed in the solid state. 
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are given by the “lever principle’’. For example, in Fig. 70 {b\ at 
temperature r and s are in equilibrium, and we have 

Amount of solid of composition s rx 

Amount of liquid of composition r ics' 

The Gibbs Phase-Rule. The mode of variation of the 
f-values with the variables or “degrees of freedom”, temperature, 
pressure and concentration, sets a limit to the number of phases which 
can coexist in equilibrium. If P is the number of coexisting phases, 
C the number of components and F the number of degrees of freedom, 
then it can be proved that 

F = C + Q. — P. 

This is the Phase Rule of Gibbs. 

If we keep the pressure constant, we have one variable fewer, and 
F = C + I - P. 

In a binary system, C = 2, The system is “invariant” when 
P = o, for which the value of P is 3. That is, at only one tem- 
perature and concentration can three phases coexist in equilibrium. 
Such a triple point occurs at F in the diagram for the peritectic type, 
and at the eutectic P, in the figure for the eutectic type of equilibrium. 
In either of these two cases, two solid phase-structures coexist with 
the liquid phase. When eutectoid and peritectoid transformations 
occur, three solid phase-structures coexist in equilibrium. 

Strictly speaking, each binary system requires three dimensions, 
concentration (c), temperature (T} and pressure {p) in order to be 
adequately represented. By taking the pressure as constant and 
equal to atmospheric, it is possible to draw an isobaric section of the 
binary system in two dimensions. 

For each extra component which we add to the system, we require 
an extra dimension in order to draw the equilibrium diagram. An 
isobaric section through a three component or ternary system requires 
three dimensions. It is impossible to represent the isobaric section 
of a quaternary system even in three dimensions, although a com- 
promise can be reached by constructing separate three dimensional 
diagrams for different constant concentrations of one of the four 
components. 

The Ternary System. The representation of the composition 
of an alloy formed by three components can be done in a number of 
ways. The two most generally used are due to Gibbs and inde- 
pendently, to Stokes and to Roozeboom.^^^^ 

Gibbs makes use of an equilateral triangle of height equal to 
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unity or to loo (Fig. 73 ^)* The corners C, represent the pure 

components. A point on the line AB represents a binary alloy of 
A and 5 , and so on for the sides AC and BC. Any point within the 
triangle corresponds to an alloy of the three components. The 
temperature axis is taken at right angles to the plane which represents 
the compositions of the alloys. 

If we have a per cent, of Ay b per cent, of By c per cent, of C in 
an alloy, a b c = loo. 

Now the sum of the perpendiculars drawn from any point to the 
sides of an equilateral triangle is equal to the height, in this case lOO. 
We can, therefore, represent the composition of a ternary alloy such 
as o (Fig. 73^?), by its perpendicular distances from the sides. In 
this case, the percentages of the components are a — oay b = ob 
and c = oc. 

A A 




Fig. 73. — ^Representatioii of the composition of a ternary alloy. 

(a) J. WintARD-GiBBs and C. G. Stokes, 

(i&) H, W, B, Roozkboom. 

A somewhat more convenient method is that due to Roozeboom 
(Fig. 73^). Here the sides of the triangle are made unity or 100. 
It is evident that by drawing qr through O parallel to the sides 
BCy BAy then 

or op oq = 1 00. 

That is, the percentages ay by c of the components Ay B and C are 
given hj a = oq or Bpy b = or or oSy c = Bq. 

Ternary Eutectic. The solidus and liquidus lines of the binary 
systems forming the sides of the ternary prism spread into the prism 
as solidus and liquidus surfaces. Binary eutectic points become 
extended into ternary eutectic lines which intersect to give ternary 
eutectic points. A very simple case is chosen to give an example. 
The three vertical planes bounding the ternary prism contain 
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contiguous binary diagrams ABy BC, CA, each of the simple eutecti- 
ferous type. Fig. 74 shows that the addition of a third component 
to each of the binary eutectics lowers their temperatures along the 
curves s'u'y until finally the curves intersect at the point ^ 
the ternary eutectic point. 

The lower boundary of the liquid phase consists of the three 
curved surfaces Ayt*uW\ By/y!r* y C^t'u^s'y and it can be seen that the 



Fig. 74. — Partial representation of simple eutectiferous ternary system. 
u' is the ternary eutectic point. 

eutectic curves s' t'u' y are the intersections of these surfaces. 
Instead of making a three-dimensional drawing, isothermal contours 
of the surfaces can be drawn on the composition plane, along with 
the projections of the ternary eutectic lines. 

Fig. 75 shows, schematically, the three eutectiferous binary 
systems, and an isothermal section taken through the ternary system 
formed by them. We can see that there are regions of homogeneous 
solid solution a, ^ and y which terminate at the boundaries pVy vu\ 
qWy wr-y and sxy xt. 
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We have two-phase regions pqwv^ rsxw^ and txvu^ which lie 
adjacent the three-phase region wxv. Any alloy within this triangle 
will be composed of the three phase-structures v and x. 



The Isothermic-Isobaric Solubility Gap. If we have a 
solubility gap represented by ab in the binary system the addition 
of a third constituent C, which is completely soluble in A and 5 , will 
result in the distribution of C among the two according to the value 
of its partition coefficients (Fig. 76), 

It thus produces two ternary conjugate solutions which can co- 
exist in equilibrium with each other. Upon addition of more C, 
the intersolubility of A and B increases, until finally the two solutions 
become identical. The point at which the two solutions become 
identical is a “critical point’’. 

Certain of the conjugate solutions are indicated by ab^ QR and 
ST\ the lines joining them are called “tie-lines” by Stokes. As a 
consequence of the fact that C does not distribute itself in the two 
phases equally, the tie-lines are not parallel to the base of the triangle. 





AN INTRODUCTION TO X-RAY METALLOGRAPHY 


134 


As the two phases become more nearly the same, the tie-lines diminish 
in length^ the limit occurring at the critical point. 

Because there are always two related values of solubility on curve 

aSRb^ the term “binodal- 


C 



Fig. 76. — Isothermic-Isobaric Solubility Gap. 

^R, ST are “tie-lines” or “co-nodal lines”. 

L is the “critical point”. 


curve’' is applied in order 
to distinguish it from the 
curve which results from 
variation of temperature 
in a binary system. In 
order to know the relative 
amounts of the two phases 
Q and R which coexist in 
the alloy P, the lever- 
principle can be applied. 

It is interesting to see 
how the tie-lines are linked 
with the C-curves. In a 
ternary system, the curves 
of thermodynamic poten- 
tial are replaced by C-sur- 
faces, and the tangent 


line by a tangent plane. 
In general, the tangent plane will touch two C-surfaces, and the points 
of contact will be the ends of the tie-lines giving the composition 


of the conjugate phases in equilibrium. As the tangent plane is made 



Fig. 77. — ^The derivatioa of Tie-Lines in simple ternary system. 

{a) PS is the tie-line joining the points of contact of the tangent plane rolling on the ^-surfaces. 
U, V, W are the limiting points of contact when plane rests on all three ^-surfaces, thus defining 3-phase 
triangle. 

{b) The ternary diagram derived from (a)* aPu is the locus of P projected on the composition 
plane A, B, C. 
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to roll over the ^-surfaces, the locus of the points of contact trace out 
the phase boundaries and yield the extremities of the correspond- 
ing tie-lines. If the tangent plane comes in contact with a third 
^-surface, it is no longer free to roll and the three points of contact 
form the vertices of a triangle within which three phases can coexist 
in equilibrium. Any alloy with its composition lying within this 
area splits up into three phases whose 
compositions are those of the vertices 
of the triangle. 

Binodal Surface- In Fig. 78, 
we see the extension of the binodal 
curve into a binodal surface. is 
called the critical solution point, and 
the point K-i to which the binodal 
surface rises to a maximum is the true 
ternary critical point. The surface is 
dome-shaped, except for the flat por- 
tion cut away by the vertical plane, 

BCKz- The isothermic contours are 
shown in Fig. 78. A variation of 
this case occurs when the temperature 
of the critical point Kz is lowered 
with the addition of yi. The ternary 
system does not then possess a true 
critical point. 

The Usefulness of the 
^-Function in Drawing Phase 
Diagrams. Many investigators 
have drawn equilibrium diagrams 
which have apparently obeyed the 
phase rule in that the correct num- 
ber of phases have coexisted in 
equilibrium, but which have, in fact, 
violated the thermodynamic principles on which these diagranis 
are based. In Fig. 79 ? ^ simple eutectiferous binary system is 
drawn. As far as the eutectic point E is concerned, liquid phase y 
is in equilibrium with the two solid phases a and ^ . There 
are thus three phases in equilibrium at E and apparently all is^ in 
agreement with the phase rule. However, a study of the derivation 
of the eutectic type of equilibrium diagram from the ^-curves qmckly 
shows that the construction of the diagram at P is correct while at 
Q it is definitely wrong. 



B 



AN INTRODUCTION TO X-RAY METALLOGRAPHY 


136 

In ternary systems, the three-phase regions are triangles. If the 
boundaries of the single phase area at one of the apexes of the triangle 



Fig. 79. — Possible (left) and impossible (right) relations between phase boundaries 
and eutectic horizontals. 


be produced, they must both lie inside the triangle or lie one on each 
side of the triangle. This is illustrated in Fig. 80 (a). In Fig. 80 (^) 
is shown a similar region in which the construction of the phase 

c C 




Fig. 80. — Correct (left) and incorrect (right) methods of constructing phase boundaries at the 

corners of three-phase triangles. 

boundaries is incorrect, as consideration of a plane rolling upon the 
^-surfaces would quickly reveal. 

A realization of the principles underlying the equilibrium diagram 
is of great assistance in the correct drawing of the phase boundaries 
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from the experimental data and helps to avoid the mistakes which an 
uncritical application, of the phase rule would entail. 

The Preparation of Alloys for Equilibrium Diagram 
Studies. When commencing any systematic research on an alloy 
system, it is of paramount importance to use metals of the highest 
degree of purity obtainable. Very small amounts of impurity 
amounting to only a fraction of a per cent, can modify the physical 
properties of the alloy and influence the formation of the phases to a 
marked degree. Even when very pure materials are available, very 
special precautions must be taken at all stages in the preparation and 
heat treatment of the alloy in order to prevent the pick-up of small 
amounts of impurity. For example, the choice of crucible is very 
important as the crucible often reacts with its contents unless lined 
or made of a refractory material which is inert towards the charge. 

In general, melting should be done in vacuo or in an inert atmo- 
sphere such as argon or hydrogen to prevent any oxidation taking 
place, and is to be preferred to melting in air under a flux, the latter 
being an all-too-common source of contamination. The most satis- 
factory type of furnace in which to make alloys in small amounts, 
say 30 or 40 grams in weight, is undoubtedly a high frequency induc- 
tion furnace operated in conjunction with a valve oscillator or mercury 
spark. The heat is generated very rapidly in the charge itself, the 
crucible remaining relatively cool, so that very clean melting condi- 
tions are obtained, while the great turbulence set up by the eddy 
currents is very advantageous in producing a well-mixed alloy. 

After carrying out the melting process in the inert atmosphere, 
the gas is then pumped off and the alloy is allowed to cool in a vacuum. 
This treatment leaves the alloy comparatively free from blowholes. 

Heat Treatment — The Elimination of Coring*. On page 
126 we considered the freezing of an alloy of composition which 
was solidifying so that the liquid phase was always in thermodynamic 
equilibrium with the conjugate solid phase at every stage during the 
freezing. In order that such an equilibrium should be maintained, 
it is necessary for the rate of diffusion within the solid crystals which 
separate from the melt to be sufficiently rapid to equalize the com- 
position and ensure homogeneous solid. In most cases, however, the 
rate of crystallization is more rapid than the rate of diffusion, and so, 
as the temperature of the solidifying alloy falls, crystals separating 
first which are rich in B become surrounded with shells of solid 
crystals which are progressively less rich in B, When the rate of 
cooling has not been slow enough to equalize the composition, each 
of the crystals of the solid-solution will, at the end of the freezing 
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process, consist of a core of metal relatively rich in 5 , surrounded by 
successive layers decreasing in their content of B from the centre 
outward. 


In order to render the alloy homogeneous, it may be necessary 
to anneal or “soak’' the ingot at a high temperature for some time, 
preferably as near the solidus temperature as possible. The higher 
the temperature of soaking, the greater is the rate of diffusion and 
the more rapidly does the alloy become homogeneous. Fig. 8 1 shows 
the effect of such an annealing process on a nickel-aluminium alloy 
containing 54*5 atomic per cent, of nickel. Lump annealing in vacuo 
for three days at 1,000® C. resulted in the blurred end-doublets, which 
is the result of large variations of lattice parameter and is in this 
instance indicative of coring. A prolongation of the soaking period 
to six days sharpened the doublets, but still did not completely 
eliminate the coring. Finally, half of the alloy, which had been kept 
in reserve, and which had had no previous heat treatment, was sub- 
jected to a three-day anneal in vacuo at a temperature of 1,300® C. 
The result was extremely sharp end-doublets, indicating the entire 
absence of a cored structure. It is evident then that the temperature 
of soaking is more important than the time factor in the elimination 
of coring. 

A type of inhomogeneity which proves very difficult to remove 
may arise at a composition where a peritectic reaction occurs, especi- 
ally if it occurs at a low temperature, when the rate of diffusion is 

low. Usually, a peritectic reaction 
proceeds so slowly, due to the forma- 
tion of a layer of compound through 
which the reacting atoms must diffuse, 
that all the three phases which coexist 
in equilibrium at the peritectic reaction 
temperature in the initial stages of 
cooling the alloy continue to exist in 
metastable equilibrium down at room 
temperature. 

The solidification of NiAh presents 
such an example. At the tempera- 
ture of the peritectic reaction, NiAU 
A1 NiAla At^ Ni-> exists in equilibrium with NiaAk and 

Fig. 82.— The Ni-Al equaibrium dia- liquid. As the temperature is lowered, 

gram in the region of NiAl^. _ Liquid the reaction : 

of composition A reacts with solid 



phase d of composition B to give the 
compound NiAl^ at P. 


Liquid -j- NijAlg — >NiAl, 
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proceeds extremely slowly. True equilibrium cannot be maintained 
with normal rates of cooling and so the composition of the melt moves 
down along the liquidus until the melt solidifies as a eutectic mixture 
of A 1 and NiAU (see Fig. 82). Thus, the metastable alloy consists 
of the three phases Al, NiAU and NigAls. 

Powder photographs in Fig. 83 show the three phase-patterns in 
the metastable alloy. Prolonged lump-annealing in vacuo at 830® C. 
just below the peritectic line for a period of three days enabled the 
reaction to proceed to completion. 

Heat Treatment of the Powder Specimen. After the 
annealing of the ingot has been completed, a representative powder 
sample is obtained for Debye-Scherrer examination. Whether filing, 
drilling or crushing methods will be used will depend largely upon 
the relative toughness or brittleness of the alloy. In filing, only the 
highest grade jeweller^s files should be used. They must be kept 
scrupulously clean by brushing with a fine wire brush or hard bristle 
tooth-brush and washed in toluene or trichlorethylene. Drillings are 
seldom very satisfactory, for it is difficult to obtain a powder specimen 
which will pass through a sufficiently fine sieve. Crushing in a 
hardened steel rock-crusher followed by grinding in an agate mortar 
under toluene is an excellent and rapid method of powdering the 
brittle alloys which often compose the intermediate phases of an 
equilibrium diagram. 

If the alloy is to any degree malleable, the heavy cold work 
imparted during the powdering process leaves the crystal lattice with 
a high degree of plastic distortion. To remove this consequence of 
cold work, heat treatment must be resorted to or the lines of the 
Debye-Scherrer pattern will be broad and fuzzy and the photograph 
practically useless. Brittle phases do not suffer plastic deformation 
to anything like the same extent. The reason is to be found in the 
existence of ionic and covalent linkages in the crystal structures of 
the intermediate phases. Once the linkages are broken down under 
the application of exterior forces, they remain permanently so, and 
the piece of metal falls apart into fragments which are almost com- 
pletely free from strain. 

Heat treatment of the powder will, in general, have a two-fold 
object. The first will be to remove the lattice strains produced by 
cold work and the second to obtain a specimen which will be in 
thermal equilibrium at a particular temperature. The two objectives 
are sometimes reached by one and the same process, but if conditions 
do not permit this to happen, a dual heat treatment will have to be 
carried out, for the first essential is to remove the plastic deformatiorit 
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The powder should be sieved and then placed into small silica or 
hard glass tubes, approximately 2 in. long by in. diameter, which 
are evacuated by means of a rotary oil pump before being sealed off. 
The tubes from the various specimens which have to receive the same 
heat treatment should be very carefully marked before being placed 
in the furnace. Great emphasis must be placed upon accurate 
temperature control. Some form of programme regulator which 
automatically controls the temperature of the furnace to follow a 
prescribed time-temperature cycle should be used. Whenever pos- 
sible, a pyrometric chart should also be obtained in order to procure 
concrete evidence as to the accuracy of the heat treatment. 

One of the first objects in the investigation of a thermal equili- 
brium diagram is to determine the phases and the positions of phase 
boundaries at room temperature. The work is then extended to 
higher temperatures. The determination of the solidus and liquidus 
curves is, for the present, • beyond the scope of X-ray work and can 
only be carried out by the older classical thermal methods. 

To obtain conditions approximating to thermal equilibrium at 
room temperature, the powder should be taken to a reasonably high 
temperature when equilibrium will be rapidly achieved and then 
cooled very slowly, at lo® or less per hour, over a period of days if 
necessary, until room temperature is reached. To promote equili- 
brium conditions, the rate of cooling should be made much slower 
over the final stages of the treatment. 

If the spectra still remain diffuse after the slow cooling process, 
we must carry out a check on the adequacy of the heat treatments. 
The usual fault is lack of homogeneity in the ingot, generally a legacy 
of too low an annealing temperature or too brief a period over which 
the heat treatment has been carried out. On the other hand, the 
fault may lie in the heat treatment of the powder, for which the initial 
temperature was insufficient to remove the effects of cold-work. In 
the majority of cases, repeating the ingot anneal or commencing the 
slow cooling treatment from a higher temperature is sufficient to give 
satisfactory diffraction patterns. 

There will be instances when phase transformations occur in the 
process of cooling down. If these transformations take place at high 
temperatures when the atomic mobility is great, diffusion through the 
lattice to produce thermal equilibrium is rapid and the slowly cooled 
powder yields X-ray patterns with sharp end-doublets. But trans- 
formations sometimes occur at quite low temperatures when atomic 
diffusion is very sluggish. The method of slow cooling over a limited 
period of time then breaks down, for the approach to equilibrium 
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during the transformation lags far behind the rate of fall in tempera- 
ture. Consequently, the composition of the lattice is no longer 
homogeneous and the irregularities in the interplanar spacings produce 
blurred end-doublets in the diffraction spectra. In such cases, the 
only method which can be adopted is to give the alloy powder 
extremely long annealing periods just below the transformation tem- 
perature. A well-known example 'is to be found in the iron-nickel 
system. The region between 6 and 25 per cent, nickel, in which 
range the transformation takes place below 600° C., is particularly 
difficult to study on account of the great sluggishness of the change. 
Some of these alloys require annealing for years before conditions 
approaching true equilibrium are obtained. Age-hardening alloys 
of the “Duralumin” type present peculiar difficulties in that no 
obvious changes are to be observed in the Debye-Scherrer spectra 
corresponding to the period in which the mechanical properties are 
enhanced. We shall discuss this particular problem on page 29 j;. 

In order to examine high-temperature modifications of an alloy, 
two courses are open to us. We may use an X-ray camera designed 
specifically for high temperature work or we may quench the alloy 
after annealing it for some time at the desired temperature. At high 
temperatures, the thermal movements of the atoms are so large that 
equilibrium is soon obtained. If the rate of quenching is rapid 
enough, it will be possible to retain the high temperature phase and 
so we shall be able to examine it at room temperature. 

In some cases, such as the change from y to a-iron, the change- 
over from the face-centred to the body-centred cubic structure is so 
rapid that it is impossible to retain the high-temperature form. In 
these circumstances, only investigation with a high temperature 
camera is possible. 

A quenching apparatus which has proved satisfactory is a modi- 
fication of one designed by W. Rosenhain. It is shown in Fig. 84. 
The evacuated furnace tube is connected by means of a rubber tube 
and tap to a cylinder in which water can be maintained at a pressure 
of two atmospheres. The other end of the furnace tube is sealed by 
means of a rubber stopper held against a ground flat rim by the 
pressure of the atmosphere. Opening the tap between the cylinder 
and the furnace allows a considerable volume of cold water to rush 
through the evacuated furnace. The water sweeps the specimens 
along and the rubber stopper drops off enabling the water and the 
specimens to fall into a bucket. 

The powder specimens are placed inside small silica dishes and 
covered over with fine Monel metal gauze. By this means, the 
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quenching water comes into actual contact with the alloy powder, and 
because of the very small thermal capacity of the grains, quenching is 
exceedingly rapid. Alloys quenched by this means almost invariably 
give sharp end-doublets. In cases where the powder is readily 



Fig. 84. — ^Modified Rosenhain Quenching Apparatus showing layout of furnace and 

water-pressure mains. 


attacked by water, it is sealed inside thin-walled silica tubes but the 
efficiency of the quench is not quite as high. Very rapid quenching 
rates can be achieved by subjecting an alloy to a stream of cold 
hydrogen gas, but this technique has not been applied in any measure 
to equilibrium diagram studies. 

The Determination of the Phase Boundaries. It has already 
been mentioned that the addition of a solute metal B may increase 
or decrease the lattice parameters of the solvent metal A by an 
amount depending on the relative magnitudes of the radii of the 
ions. In general, if the alloys are in a single-phase region in which 
the substitutional type of solid-solution is formed, the lattice para- 
meters will continue to increase, or decrease, • with the continued 
addition of B until the phase is saturated and a new phase structure 
commences to form. The solubility limit, or phase boundary, is 
marked by a discontinuity which takes place in the lattice parameter- 
composition curve. 

In order to determine the position of the boundary with accuracy, 
a series of alloys with increasing amounts of B is made up, covering 
the single phase (a) and part of the two-phase (a + p) region. These 
alloys are given a thorough ingot annealing, and then given a powder 
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heat-treatment which produces an equilibrium condition approxi- 
mating to that at room temperature. After taking the necessary 
powder photographs, the lattice parameters of the alloys are plotted 
as ordinate against alloy composition as abscissae. In the single phase 
region a smooth curve, very often a straight line, is obtained until the 
phase boundary composition is reached. Inside the two-phase region, 
the a-constituent of all the two-phase alloys will have the same room 
temperature composition, and therefore the same lattice parameters. 
It follows, then, that the lattice parameters of the a-constituent of all 
the two-phase alloys will plot as a horizontal line, and its point of 



Fig. 85. — Determination of phase boundary (shown dotted) from lattice parameter curves. 

(a) When lattice parameter is increased by added solute. (^) Decreased. The type of curve for the 
nickel-rich phase of the Fe-Ni system is shown in (r). 


intersection with the curve obtained in the single phase region will 
yield the position of the phase boundary (Fig. 85). 

At elevated temperatures the compositions of the a and jS con- 
stituents in equilibrium with each other are changed to values pre- 
determined by the run of the phase boundaries. The high temperature 
state may be retained by quenching the powder. It is clear, then, 
that if the two-phase alloys are all quenched at the same temperature, 
their lattice parameters will again lie on a horizontal line corresponding 
to the lattice parameter of a single-phase alloy on the phase boundary. 
The point of intersection of this horizontal with the extrapolated 
lattice parameter curve of the single-phase a-region now yields the 
phase boundary position corresponding to the temperature of 
quenching. 
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By quenching the two-phase alloys at successively higher tem- 
peratures, it is possible to plot the course of the phase boundary. 
The method is illustrated in Fig. 86 (a) and (F), 

It will be noted that, if the phase boundary is suitably curved, 
alloys which lie just within the two-phase region may move out into 
the single phase region at elevated temperatures. Quenching will 
then retain the single-phase condition, and the lattice parameters will 
lie on the extrapolated curve drawn for the single-phase alloys X-rayed 
in the room temperature condition. Quenching to obtain a single 
phase specimen forms a very useful method of establishing the 
position of the phase boundary, and indeed it is the only method 
which can be applied to crystals of low symmetry whose parameters 
cannot be accurately measured. 

Provided that the heat treatments and X-ray technique have been 
correctly applied, the high accuracy of one part in 30,000 whereby 
lattice parameters can be computed renders errors from this source 
negligible. The final accuracy in the determination of the lattice- 
parameter curves and the phase boundary positions when equilibrium 
has been obtained is ultimately dependent on accuracy of the chemical 
analysis of the alloys. There is no guarantee that the final composi- 
tion of the powder after heat-treatment will be exactly the same as 
that of the ingot, especially in the cases where one of the constituents 
is volatile. It is strongly advocated that careful analyses should be 
carried out on the heat-treated powder specimens where there is the 
slightest suspicion of compositional changes. 

A very important point now arises in connexion with the quench- 
ing process. We shall suppose that in the process of cooling down 
to room temperature the alloy has separated into two sharply defined 
coarse-grained phases, a and jS, The effect of filing or crushing the 
ingot may be such that the powder sample now consists of fragments, 
some composed almost wholly of a and some of Raising the 
temperature of the powder fails to effect those diffusion processes 
which normally take place in the solid ingot between the now separ- 
ated constituents. Consequently the quenching process will in 
this instance lead to an X-ray pattern which is truly representative 
of the high temperature conditions. 

It is clearly advisable to quench the ingot first at a temperature 
above that at which it is desired to quench the powder. The powder 
should then be taken up to the temperature at which the ingot was 
quenched, then slowly cooled to the desired quenching temperature, 
and finally maintained there until thermodynamic equilibrium is 
reached. By this means the correct balance of reacting phases will 
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Fig. 86 . — ^Determination of the phase boundary position at elevated temperatures by means of 
lattice parameters of quenched powders. Example taken from the a-phase boundary of 
the Cr-Al binary system. (A. J. Bradley S. Lu, and S. Journal Inst. Meialsy 60, 319^ 
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be procured. Even with slowly cooled powders, preliminary ingot 
quenching can be strongly advocated. 

Quenching stresses introduce another factor which can materially 
influence the lattice parameters and thereby lead to an erroneous 
determination of the phase boundaries. Fine powders such as are 
normally used for Debye-Scherrer photographs are almost entirely 
free from quenching strains, but the same is not always true for the 
small ingots used in back-reflexion work. C, S. Barrett has quoted 
instances of failure of the specimen by cracking produced by the 
enormous stresses set up in the course of the quench. 



Fig. gy. Effect of quenching stresses on lattice parameters of aluminium -magnesium alloys. 

(After C. S. Barrett, Symposium on Radiography^ 


The effect of quenching stresses on the lattice parameters of 
aluminium-magnesium alloys is clearly demonstrated in Fig. 87. 
The lowest curve representing alloys in powder form gives lattice 
parameters of alloys substantially free from strain. The results of 
Schmid and Siebel on quenched o-2 in. diameter rods and results 
on quenched 0-5 in. rods are considerably higher, with the consequence 
that the phase boundary appears to be too near the aluminium-rfch 
end of the diagram. 
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Anomalies in Lattice Parameter-Composition Curves, 
It was thought at one time that the variation of lattice parameter in 
a single-phase alloy was an exact linear function of the composition. 
This was known as Vegard’s Law and was originally based upon the 
behaviour of solid solutions in ionic salts. The law would have 
implied that the lattice parameters were merely the result of simple 
addition of atomic radii which remained fixed in value whatever the 
compositions of the alloys. Researches on several alloy systems have 



Fig. 88. — ^Lattice parameters of copper-nickel alloys. 
(Owen and Pickup.) 


revealed that Vegard’s law is seldom obeyed, even in the most favour- 
able cases where complete miscibility over all compositions is obtained. 

In the copper-nickel system, the deviation from the theoretical 
values of lattice parameter obtained by joining those of pure copper 
and pure nickel is greatest at 32 atomic per cent, of nickel. At this 
point, the deviation, which is a contraction, is o- 1 1 per cent. This 
is illustrated in Fig. 88, the results being taken from the work of 
'Owen and Pickup. 

Generally speaking, all systems show a greater or lesser deviation 
Trom the law of Vegard. In the majority of cases this deviation is in 
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the direction of lattice contraction, although there are a few known 
isolated examples where the divergence is in the other direction. An 

example of such a positive devi- 
ation is given by the copper- 
manganese alloys as shown 
in Fig. 89, in which atomic 
volumes are plotted against 
composition. 

When intermediate phases 
are formed, they are often 
accompanied by a marked con- 
traction in atomic volume. 
This is exemplified by the 
results of Westgren and Almin’s researches on various silver binary 
systems. Their results are shown in Fig. ^o. 

So far, our picture of a homogeneous substitutional solid-solution 
has been one in which the solute atoms are randomly distributed 
throughout the parent lattice. When the proportion of solute atoms 
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Fig. 89. — ^Atomic volumes of copper-manganese 
alloys. 

(Persson.) 



Fig. 90. — ^Volume per atom in Cu-Zn, Ag-Zn and Ag-Cd alloys. 

(Westgren anp Almin.) 

becomes sufficiently great, the eflFect of prolonged annealing at a 
suitable temperature, or of slow cooling, is to reshuffle the atoms into 
more ordered arrangements. This is most marked at simple ratios 
• of constituents, such as Cu»Au, CuAu, CuAus, FeNu, MgCd and 
Te.Al. The change from the disordered to the ordered atomic 
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array is known as ‘‘super-lattice*’ formation. For a more detailed 
discussion, the reader is referred to page 1 73 et seq. 

Striking changes in lattice-parameter may accompany the forma- 
tion of a superlattice- For example, in the region of Fe^Al there is 
a sharp break in the lattice parameter-composition curve for fully 
annealed alloys. The curve remains horizontal over a considerable 



Fig. 91 . — ^Lattic« spacings of iron-alummium alloys. 

(A. J. Bradley and A. H. Jay, yournal of Iron and Steel Institute^ 339, 1932.) 


range of compositions. To the inexperienced investigator it would 
appear to herald the formation of a two-phase region, whereas in fact 
it is a consequence of atomic rearrangement within a range of homo- 
geneous single phase alloys. The curve for iron-aluminium alloys 
obtained by Bradley and Jay is shown in Fig. 91, and is in itself 
an example of marked deviations from Vegard’s law. The Fe-Al 
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equilibrium diagram given in Fig. 92 illustrates the extent of the 
body-centred cubic phase. 


® c. Atomic % iron 



Fig. 92. — ^The Fe-Al equilibrium diagram. 

(A. J. Bradley and A. Taylor, Thysics in Industry-Magnetism^ 


Defect Lattices. In their X-ray investigation of the nickel- 
aluminium binary system, Bradley and Taylor discovered some 
remarkable anomalies in the lattice parameters of the -phase. This 
phase is centred round the composition NiAl which has the same 
type of structure as CsCl. That is, the ideal structure is one which 
consists of two inter-penetrating simple cubic lattices, one having 
nickel atoms and the other having aluminium atoms at the cube 
corners. The interpenetration is such that every aluminium atom 
lies at the centre of a cube with nickel at the corners, and likewise, 
every nickel atom can be considered as lying at the centre of a cube 
with aluminium atoms at the corners. The structure is often loosely 
termed body-centred cubic, although this would only apply to the 
case when cube corner is indistinguishable from cube centre (Fig. 93). 

At the stoichiometric composition NiAl we have one nickel atom 
at each cube corner and one aluminium atom at each cube centre. 
On the nickel-rich side of the ideal composition NiAl, some of the 
aluminium atoms are replaced at random by those of nickel. Now 
the nickel atoms are both heavier and smaller than those of aluminium 
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and the natural result of rising nickel concentration is to increase 
the densities of the alloys and progressively to diminish the lattice 
parameters as shown in Fig. 94, 

The /9-phase also extends to the aluminium-rich side of NiAL 
One would expect the addition of aluminium to produce a progressive 
increase in lattice parameter and to diminish the density on the natural 
supposition that aluminium replaces nickel atom by atom. Such, 
however, is not the case. Contrary to expectation, the lattice para- 
meter falls extremely rapidly and the density curve falls sharply below 
the dotted curve calculated on the basis of two atoms per unit cell 
and the observed lattice parameters. One could only explain these 
remarkable results by postulating that all the cube centres remain 
filled with aluminium atoms, and that all those nickel positions which 
would normally have been occupied by the excess of aluminium remain 
unfilled. In other words, the increase in the aluminium content of 
the alloys is really effected by the subtraction of nickel atoms at random 
from the lattice thus leaving defects in the form of unfilled lattice 
points. This means that on the average there are less than two 
atoms per unit cell, the extent of the deficiency increasing until the 
phase boundary at 42*25 atomic per cent, nickel is reached. 

A direct verification of the defect-lattice hypothesis was obtained 
by measuring the intensities of the lines on the Debye-Scherrer 
photographs. The extent of the defects can best be appreciated by 
a study of the accompanying table, from which it will be seen that at 
45*25 atomic per cent, of nickel as many as sixteen atomic sites in 
every two hundred are deficient in nickel. 

TABLE VII 


Atomic 

Percentage 

Nickel 

Lattice 

Spacing 

Observed 

Density 

Calculated 
Density * 

No. of Atoms 
per Unit Cell 

6o*i 

2*8581 

6*50 

6*50 

2*00 

57-7 

2*86465 

6*40 

6-35 

2*015 

54*55 

2*87265 

6*l6 

6*i6 

2*00 

53-2 

2*8766 

6*07 

6*07 

2*00 

5 I -+5 

2*8799 

5*95 

5*97 

1*99 

49-79 

2*88125 

5*91: 

5*90 

2*00 

49-58 

2*8814 

5*90 

5-89 

2*00 

48-9 

2-8789 

5*88 

5-87 

2*00' 

- 48-4 

2-87505 

576 

5-88 

1*96 

46-6 

3-8668 

5*52 

5-84 

1*89 

45-25 

2*8615 

5*35 

5-82 

1*84 


• As8uiniji|f two atoms per unit cell fpr simple replacement theory, 
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From what has been said in the preceding pages concerning the 
departures from Vegard’s law, it will now be apparent • that linear 
interpolation between the parameters of widely separated alloys in a 
single phase region has little justification and would be extremely 
dangerous to apply in the determination of phase boundaries. It is 
absolutely essential to obtain a sufficient number of alloys near the 
boundary in order to know the precise values of the lattice parameters 
in that region. 

Procedure to be Adopted in Examining a Binary System 
by X-rays. It is not possible to lay down any hard-and-fast rules 
as to the exact procedure to be adopted in the X-ray investigation of a 
binary system, as so much will depend on the precise nature of the 
system itself and whether a rough survey or an accurate determination 
is the object of the research. A thorough search should be made 
of the literature for information on the alloy system to be investigated, 
as it will prove to be of inestimable value as a guide as to which alloys 
to make up first. Two books of great value may be mentioned in 
this connexion which summarize researches on alloy systems to a com- 
paratively recent date, namely Der Aufbau der Zweistofflegierungeny 
by M. Hansen, and Handhuch aller Legierungen^ by Jahnecke. 

We shall assume that the system to be investigated has been 
chosen, that the Debye-Scherrer method is to be used in conjunction 
with 9- and 1 9-cm. diameter cameras, and an X-ray set which gives 
a wide choice of characteristic radiations is to be employed. All alloy 
compositions will be given in atomic per cent, as this method of pre- 
sentation is more informative from the academic point of view. First 
of all we need photographs of the component elements. We then 
use the published data to make up a minimum number of alloys in 
what are supposed to be single-phase regions, in order to obtain the 
simplest patterns on the identification photographs. The method of 
slow cooling would be used in the opening stages in order to approxi- 
mate to room temperature equilibrium. Then an alloy would be 
made in each of the two-phase regions which should yield the inter- 
woven patterns of the single phases lying on each side of the two- 
phase region. 

Where no data at all are available, the investigator must proceed 
by methods of trial and error to establish the simplest possible patterns 
whereby the single-phase regions can be identified. This procedure 
is not as formidable as it sounds, as a careful visual inspection of the 
intensities of the individual lines on the powder-photographs of the 
various alloys arranged in sequence will often act as a sure guide as 
to which new alloys to make. This method is to be preferred to 
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making up a whole series of alloys at regular intervals of say 2 per 
cent, right -across the system, for the trial-and-error method ensures 
that only those alloys which are necessary are made up, and enables one 
to concentrate on the most interesting and informative compositions. 

Having decided from the X-ray patterns the positions of the 
single-phase regions, the precise positions of the phase boundaries 
should now be sought. This is done by the methods already de- 
scribed, namely by looking for the appearance of new patterns in the 
photographs and by determining the composition at which a sharp 
discontinuity occurs in the lattice parameter-composition curves. 
Quenching the alloys will yield the run of the phase boundaries and 
will often reveal the existence of unsuspected high-temperature phases. 
All these data should then be linked as far as possible with any existing 
thermal data on the solidus-liquidus curves. 

The Nickel-Aluminium System. As an example, we shall 
discuss the nickel-aluminium system. This was first investigated by 


K) 2030 40 60 60 70 80 
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10 20 30 40 CO €Q 70 SO 90 fOO 0 10 20 50 40 SO €0 70 80 90 lOO 

W [h) 

Fig. 95, — (^2) Gwyer’s diagram. 

{b) The modification of Gwyer’s diagram. 

(A, J, Bradley and A. Taylor, Pror. Roy. Soc., 159 , 56, 1937.) 

C. G. Gwyer in 1908 by thermal and microscopic uiethods and the 
resulting diagram is given in Fig. 95 (a). Early X-ray work by 
Becker and Ebert (1923) and Westgren and Almin (1929) on the 
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crystal structure of the NiAl-phase showed it to have the same type 
of ordered cubic arrangement as the atoms in CsCl. In addition, 
Westgren and Ekman in 1930 showed that an alloy with the com- 
position NigAl was face-centred cubic like pure nickel, but that the 
structure was ordered so that nickel atoms occupied centres of cube 
faces and aluminium atoms cube corners. 

Subsequent work was carried out, using the X-ray technique by 
Bradley and Taylor They made use of the data given in Gwyer’s 
diagram and made up alloys corresponding to single-phase regions. 

It was first of all discovered that the region designated “solid 
solution of A 1 in 'Ni* was in reality much more complex and contained 
the face-centred cubic nickel-rich a-phase and the face-centred cubic 
(ic '-phase which had the ordered arrangement of NigAl. This was 
first revealed by the two-phase alloy with 80*4 per cent, (atomic) 
nickel, powder photographs of which are shown in Fig. 96. The 
slowly cooled alloy yields photographs with two well-defined over- 
lapping face-centred cubic patterns, one of which shows extra lines 
due to the superlattice of the a'-phase. Quenching the alloys at 
successively higher temperatures influenced the lattice parameters and 
caused the patterns to merge together until at 1,100° C it appeared 
as if only a single phase-structure remained. From the lattice para- 
meters of alloys in the single-phase a and a' regions and in the two- 
phase a + a' region it was possible to determine the run of the phase 
boundaries as shown in Fig, 95 (^). 

Alloys made in the region of NiAl, the ^-phase, substantially 
confirmed the findings of Gwyer, although modifications of the phase 
boundaries determined by him had to be made. The /5-phase was 
shown to extend as far as 45*25 per cent, (atomic) nickel, and it was 
in this region that the existence of a defect lattice in alloys was first 
discovered. 

The phase with the stoichiometric composition NiAlg shown in 
Gwyer’s original diagram gave a very complex pattern and a search 
was made to see if alloys in its neighbourhood would yield simpler 
powder photographs. It was very quickly established that the alloy 
NigAlg gave a much simpler pattern which could not be further 
modified by compositions in its immediate neighbourhood. This 
pattern was shown to extend from 37-3 to 41*35 per cent, (atomic) 
of nickel, and any alloys falling outside this region resulted in photo- 
graphs with faint extra lines belonging to the adjacent phases. Con- 
clusive proof that the region was single phase was obtained by deter- 
mining the actual crystal structure of Nig AI3, which was shown to be 
hexagonal or “trigonal” on account of its having only threefold 
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symmetry. One of the features of NigAlg must be emphasized. The 
strongest lines of its powder photograph overlap those of the body 
centred cubic /^-phase and from this it was immediately inferred that 
d was a distorted form of The structure may be looked upon as 
an extension of the defect lattice of the j 5 -phase in which every third 
sheet of nickel atoms perpendicular to the trigonal axis of the cube 
is removed (Fig. 97). 

The region of NiAlg was then explored. Although NiAk proved 
difficult to obtain in perfect equilibrium as explained on page 138, 
and when finally isolated yielded a very complex diffraction pattern, 
this pattern proved to be simpler than those yielded by compositions 
on either side of it. Those alloys containing excess of nickel yielded 

the patterns of NiAlg (e) and 
Nig AI3 (( 5 ), while those with excess 
aluminium yielded the pattern of 
NiAls (e) and A 1 (77). Because 
NiAls will not tolerate any excess 
of Ni or Al, it can be looked upon 
as an ‘‘intermetallic compound*’. 
The crystal structure of NiAh 
was also determined and shown 
to be orthorhombic. 

Finally, no new pattern could 
be established between pure Al 
and NiAls. Any alloy made up 
in this region merely gave the 
superimposed patterns of Al and 
NiAls, and in addition, since the 
lattice parameter of the >7 -phase 
remained totally unaffected, it was concluded that there was no 
appreciable solid-solution of nickel in aluminium. A selection of 
Debye-Scherrer photographs covering the entire range from nickel 
to aluminium is given in Fig. 98. 

It was then necessary to dovetail the X-ray findings with the 
thermal and microscopic work of Gwyer. This was achieved with 
little difficulty, as shown in diagram 95 (^), but uncertainties still 
remained as to the exact run of the phase boundaries at the highest 
temperatures, particularly in the region of NigAl. The system was 
shortly re-investigated by W. O. Alexander and N. B. Vaughan, 
who followed the classical methods of thermal analysis, microscopical 
examination and hardness measurements. Their work is in almost 
complete agreement with that of Bradley and Taylor. They showed 
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Fig. 97. — The structure of NigAlg showing 
pseudo-cubic unit with vacant centre. 

(A. J. Bradley and A. Taylor, 'Phil. Mag., 23, 
104.9, 1937,) 




[Facing page 156 , 
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that the NisAl region was slightly more complex than was revealed 
by the X-ray methods, namely that the oc and a' face-centred cubic 
phases do not merge together, but that a reacts peritectically with 
^ to form a'. 

CH/iOAf/m, ATOM/C P£/? C£JVT. 



Fig. 99 . — ^The Chromitim-aluminium System. 

(A. J. Bradley and S. S. Lu, y , Inst. Met.^ 60, 319, 1937.) 


As an example of what can be achieved when very little thermal 
and microscopic data are available, the chromium-aluminium phase 
diagram determined by Bradley and Lu must be considered an 
outstanding accomplishment. It is given in Fig. 99 and is based 
on Debye-Scherrer patterns from slowly cooled and quenched 
powders. Over 70 alloys were prepared, this being necessitated by 
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the great complexity the system revealed. The composition intervals 
did not exceed i per cent, except where there were no features of 
special interest. For full details the reader must be referred to the 
original paper. 

Soluljility Limits Imposed by Size Factor and Valence. 

The conception of thermodynamic potential has been very useful in 
that it has enabled us to derive the theoretical types of phase diagram 
and has led to the Phase Rule and its correct application. It is still 
impossible to use the theory to calculate from first principles what 
any particular system should be like and thereby obtain the limits 
of single-phase regions, or regions where intermediate phases are 
likely to be encountered. The position at the present time is that 
a large number of binary systems have been explored in the laboratory 
with varying degrees of accuracy, and a relatively small number of 
ternary and polynary systems have been attempted. From this mass 
of data, it has been possible to formulate a number of empirical rules 
and generalizations which have been extremely valuable in resolving 
some of the complexities associated with the problem of thermal 
equilibrium. 

Hume-Rothery has introduced the conception of “atomic size 
factor” whereby a limit is imposed upon the range of solid solution. 
When the atomic diameters of solvent and solute differ by more than 
14 to 15 per cent, that of the solvent, the size factor is said to be 
unfavourable and only a very restricted range of solid solution can be 
expected. On the other hand, if the atomic diameters lie within this 
limit, the size factor is favourable, and a considerable range of solid- 
solution may be anticipated — provided certain valence conditions are 
obeyed. Examples where the size factor is very favourable are the 
magnesium-cadmium and copper-nickel binary systems where com- 
plete solid-solubility ranges over all compositions. The same is true 
for the iron-nickel system in which solid-solubility extends from the 
y-iron phase to pure nickel (Fig. 1 17). 

Operating against the ability to form primary solid-solutions is 
the tendency to form stable intermediate phases which have a much 
lower thermodynamic potential. The more electronegative the 
solute element and the more electropositive the solvent (or vice 
versa), the more pronounced is the tendency to form stable inter- 
mediate phases. This has been termed the “electronegative valence” 
effect. One of the very many examples is to be found in the system 
magnesium-antimony, shown in Fig. 100. Although the size factor 
is favourable, the mutual solid-solubilities of magnesium and anti- 
mony in each other is almost zero. The reason is to be found in the 
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preference to form MggSba, which, on account of its high melting 
point and very low electrical conductivity, is typical of a stable ionic 
compound. 

Finally we come to the ‘‘relative valence” effect, which may be 
summarized by stating that a metal of lower valence is more likely 
to dissolve one of higher valence than vice versa, especially when the 
solvent obeys the (8 — 7V)-rule and forms homopolar bonds. 

It will be seen, then, that the relative valence and the electro- 
negative valence effects both have a powerful influence on the forma- 
tion of wide ranges of solid-solubility. When the size factor is 
favourable, with normal metals, the addition of solute atoms of higher 
valence decreases the range of solid solubility, as, for example, the 
substitution of gallium for zinc in copper-zinc binary alloys, shown 
in Fig. loi. To put the matter in another way, adding atoms of 
higher valence means adding free electrons to the lattice, thereby 
increasing the electron concentration. When the electron concentra- 
tion reaches a certain limit set by the atomic pattern of the solvent 
element, the phase is saturated and a new phase begins to form. 

The Formation of Normal Valence Compounds. One of 
the most interesting features exhibited by alloy systems is the fre- 
quency with which intermediate phases appear in which the atomic 
arrangements follow the same kind of pattern. Many of these phase- 
structures tolerate no appreciable variation in composition and occur 
at simple atomic ratios. For this reason, they are often referred to 
as “intermetallic compounds”. However, one also finds intermediate 
phases which are stable over wide ranges of composition and are, 
therefore, not compounds from the strictly chemical point of view. 

On theoretical grounds, we should expect the formation of certain 
structural types to be governed by the atomic radii and the valence 
exhibited by the constituent elements. Examination of the atomic 
arrangements in a considerable number of intermediate phases has 
proved this to be the case and it is now possible to lay down some 
empirical rules whereby the different structures are governed. These 
rules should prove of inestimable value in studying hitherto un- 
explored phase diagrams, for they can be used as pointers as to which 
compositions to examine first when the preliminary survey is being 
made. 

Hume-Rothery makes the following generalizations concerning 
alloy formation : 

I. There is a general tendency for all metals to form normal 
valence compounds with the elements of Groups IVB, VB, 
and VIB, 
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2. This tendency, and also the stability of the compound, is 
greater the more electropositive the metal and the more 
electronegative the element from Groups IVB, VB or VIB, 
In these particular cases, one is led to expect, and indeed one finds, 
that the intermetallic compounds have the same types of crystal 
structures as the simple ionic or homopolar compounds with the 
formulae AB, AgB, A3B2. 

The simplest type of atomic configuration possessed by an ionic 
compound of the form AB is the structure of NaCl. Taken as a 
whole, the structure is face-centred cubic, but we may look on it as 
having a simple cubic lattice with half the true cell edge, on which 
positive Na and negative Cl ions alternately occupy the lattice points 
(Fig. 28). Alloys with the NaCl type of lattice are listed below in 
Table VIII. 

TABLE VIII 


Sodium Chloride 
Structure 
MgSe 
CaSe 
SrSe 
BaSe 
CaTe 
SrTe 
BaTe 
MnSe 
SnTe 
PbSe 
PbTe 


Calcium Fluoride 
Structure 
Mg^Si 

MgaGe 

MgaSn 

MgsPb 

CugSe 


The CaFg structure shown in Fig, 1 02 (d) is one of the commonest 
ionic structures of the type ABj. Alloys which possess this atomic 
arrangement are listed in Table VIII. It is of interest to observe 
that in CaFg there are two non-metallic ions to each ion of the metal, 
whereas in compounds such as MggSi there are two metal ions to 
each one of the metalloid. Since the metal ions in CaFg occupy the 
structurally equivalent positions of the metalloid ions in the com- 
pounds, the two structures are said to be anti-isomorphous. 

Similar cases of anti-isomorphism occur with compounds of the 
form MgsSba and MgaBig which have the same types of structure 
as LagOs, and MgsAsa and Mg3P2 which have the structure of SC2O3. 

We have already discussed the tetrahedral arrangement of the 
atoms in carbon (diamond) and its connexion with the (8 — iV)-rule, 
and how the same type of lattice is possessed by the tetravalent 
elements, silicon, germanium, and grey tin. It is not surprising, 
therefore, in alloy compositions where the same ratio of four valence 
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electrons per atom is attained, that we should discover the same type 
of atomic packing as that which exists in the diamond. 

When equal numbers of the two kinds of atom are present, the 
tetrahedral arrangement can be achieved in a number of ways. The 
simplest arrangement is that of zinc-blende ZnS, in which the pattern 
would be exactly the same as diamond if all the atoms were identical. 



(c) Zinc Blende, ZnS. (//) Wurtzite, ZnS, 

Fig. 102 , — Compounds simulated by alloys {^truhiurherichf)* 

The tetrahedra may be looked upon as lying in sheets parallel 
to the (ill) planes of the cube, with their apexes pointing in the 
direction of the cube diagonal or trigonal axis. If we rotate the 
tetrahedra of alternate sheets through an angle of 1 8o° about an axis 
parallel to the cube diagonal, we obtain the hexagonal structure of 
wurtzite (ZnS), the c-axis of which lies parallel to the diagonal of 
the cube from which the wurtzite structure was derived. Each atom 
is still surrounded by a tetrahedron of four atoms of the other kind, 
but the symmetry of the lattice has been debased. 
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The structures of blende and wurtzite are shown in Fig. 102 (r) 
and (d). Alloys possessing these types of atomic arrangements are 
listed in Table IX. 

TABLE IX 


Zinc 

Blende 

Structure 

Wurtzite Structure 

BeS 

BeSe 

BeTe 

MgTe 

ZnS 

ZnSe 

ZnTe 

CdSe 

CdS 

CdSe 

CdTe 


HgS 

HgSe 

HgTe 


AlP 

AlAs 

AlSb 


GaP 

GaAs 

GaSb 

InSb 



Yet another structural type which is frequently recurring in alloy 
systems is that of NiAs. This hexagonal structure is illustrated in 
Fig. 102 (b\ in which three unit cells are shown stacked together. 
Layers of metal and metalloid atoms alternate in separate sheets, and 
the grouping is such that each atom has six nearest neighbours of 
the other kind. This type of structure is formed chiefly by the 
transition elements with the metalloids. A list of such compounds 
is given in Table X. 

TABLE X 

Nickel Arsenide Structure 


CrS 

CoTe 

AuSn 

MnSb 

CoS 

FeTe 

CuSn 

PdSb 

FeS 

NiTe 

PtSn 

PtSb 

NiS 

CrTe 

NiSn 

MnAs 

CoSe 

MnTe 

CoSb 

NiAs 

FeSe 

PdTe 

FeSb 

NiBi 

NiSe 

PtTe 

NiSb 


CrSe 

FeSn 

CrSb 



The Formation of Electron Compounds and the Htime- 
Rothery Rtile. We now pass on to a series of structural types 
which are constantly recurring among the intermediate phases of alloy 
systems when the electron concentration reaches particular values. 
In the copper-zinc system which we have already mentioned, illus- 
trated in Figs. 68 and 69, the a-phase is a primary solid-solution 
which has the face-centred cubic structure of the parent metal copper. 
The /9-phase is body-centred cubic CsCl type, the y-phase has a 
complex cubic structure with 52 atoms in the unit cell, e is nearly 
hexagonal close-packed and 57 is a primary solid solution of copper 
in hexagonal close-packed zinc. 

The same type of phase sequence is to be found in other equilib- 
rium diagrams where copper, silver and gold are alloyed with the 
elements of the B-subgroups. Hume-Rothery points out that the 
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higher the valence of the added subgroup element, the less is the 
atomic percentage which need be added to reach a corresponding 
position in the equilibrium diagram, and moreover these intermediate 
phases continually occur when a definite ratio of valence electrons to 
atoms is attained. 

For example, when univalent copper is alloyed with divalent zinc, 
the / 5 -phase occurs in the region of 50 atomic per cent, of zinc (CuZn). 
When alloyed with trivalent aluminium, the / 5 -phase occurs in the 
region of 25 atomic per cent, of aluminium (CusAl), and with tetra- 
valent tin, the / 5 -phase falls in the neighbourhood of 16 atomic 
per cent, of tin (CugSn = 16*7 atomic per cent, of tin). All these 
/S-phases were shown by Hume-Rothery to have a characteristic in 
common by all possessing the same electron concentration. In CuZn 
there are two atoms and three valence electrons, one from the copper 
and two from the zinc atom. In CugAl there are four atoms and a 
total of six valence electrons, one from each copper atom and three 
from the aluminium atom. Again, in CugSn, there are six atoms 
and nine valence electrons, one from each copper atom and four from 
the atom of tin. In other words, if we take the ratio of valence 
electrons to atoms we find it has the constant value of 3/2 whenever 
the / 5 -phase is formed. 

This important conclusion was reached without reference to the 
crystal structures of the phases, but added confirmation was received 
when these alloys were shown by X-ray methods to have the same 
body-centred cubic atomic arrangement. It was also shown that 
when the electron-atom ratio was 21 : 13, the y -phases were formed 
having the same type of complicated atomic arrangement possessed 
by y-brass, while the e phases which occur with an electron-atom 
ratio of 7 : 4 all possess a hexagonal crystal structure. Bernal has 
suggested calling these phase-structures “electron compounds'^ in 
order to stress the principle of the dependence of the atomic pattern 
on the electron concentration, a principle now universally known as 
the Hume-Rothery Rule. 

A list of these electron compounds is given in Table XL There 
it will be seen that in addition to the alloys formed by copper, silver 
and gold with the elements of the B-subgroups, similar structures 
are also to be found in alloys of the transition elements. It will also 
be found that alloys in which the electron-atom ratio is 3 : 2 do not 
always crystallize with the CsCl structure but possess the complicated 
atomic arrangement of / 5 -manganese. 

In order to -reconcile the transition elements in the scheme of 
electron compound formation, it is necessary to make the assumption 
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that they contribute no electrons to the structure and thereby behave 
as if they have zero valence. This peculiar behaviour is connected 
in some way with the incomplete outer shells which is a characteristic 
feature of the transition elements. The other elements must be 
regarded as exerting their normal valencies and supplying the follow- 
ing number of free electrons to the system: 

Cu, Ag, Au I 

Be, Mg, Zn, Cd, Hg ...... 2 

Al, In, Ga ........ 3 

Sn, Si, Ge, Pb 4 

As, Sb, Bi, P . . . . . . . .5 

Fe, Co, Ni ] 

Ru, Rh, Pd ^ . . . . . . . .0 

Os, Ir, Pt J 

TABLE XI 


Hume-Rothery Electron Compounds 


Electron : Atom 

Ratio =3:2 

Electron : Atom 
Ratio = 21 : 13 

Electron : Atom Ratio = 7 : ^ 

Body-centred 

Cubic Structure 

Complex Cubic 
(“ ^-Manganese ”) 
Structure 

“ y-Brass ” 
Structure 

Close-packed Hexagonal 
Structure 

CuBe 

AgjAl 

CugZng 

CuZng 

CuZn 

AU3AI 

CugCdg 

CuCd, 

AgMg 

CUgSi 

CU9A14 

CugSn 

AgZn 

CoZna 

Cu9Ga4 

CugGe 

AgCd 


Cu9ln4 

CugSi 

AuZn 


CuaiSig 

AgZnj 

AuCd 


CuaiSng 

AgCdj 

CujAl 


FegZngi 

AggSn 

Cu3Ga 



AggAlg 

CugSn 


Ni 5 Zn 2 i 

AUgAlg 

CoAl 


RhgZn^x 

AuZng 

NiAl 


PdgZngi 

AuCdg 

FeAl 

Possibly also MgTl, 


Pt 5 Zn 2 i 

NigCdai 

AugSn 

CugSb and AggSb are 

CaTl, and SrTl 
as compounds of 


NaaiPbs 

sometimes erroneously 
included in this list 

univalent T 1 


AggZng 

AugZng 

AgsHgs 

although their electron : 
atom ratio is reaUy 8 : 4 


Note. High temperature X-ray work by Hume-Rothery shows that in the system 
copper-indium, the ^-phase has a simple body-centred cubic structure. This phase is 
a solid solution of which the mean composition is more nearly Cu4ln than Cujin, but 
on the indium-rich side the solid solution extends nearly to the composition Cugin required 
by the 3 : 2 electron/atom ratio. 
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A diagram indicating some of the homogeneous phases in various 
alloy systems and their connexion with the electron-atom ratio is 
given in Fig. 103. It will be seen that some of the phases do not 
include the stoichiometric composition representative of the phase. 
For example, the intermediate phase “CuZn’^ does not appear at 
exactly 50 atomic per cent, of zinc. X-ray analysis shows that the 
atomic arrangement is undoubtedly based on an ideal CuZn structure 
for with suitable heat treatment the alloy possesses the CsCl type of 
lattice with a small excess of copper atoms in solution. The same 
phenomenon is to be observed in the copper-aluminium system where 


Cu"Zn 
Ag-Zn 
Au~Zn 
Cu-Be 
Cu-Al 
Ag-Cd 
Ag-AI 
Cu*Sn 
Ag-Sn 
Ni-Sn 

1*36 1-5 1-615 1-75 

Electron Concentration. 

Fig. 103. — Formation of Intermediate Electron Compounds. 



the 0 -phase is based upon the atomic arrangement of an ideal CuAlj. 
The very accurate work of Stockdale using thermal and microscopic 
methods and of Bradley, who used the X-ray technique, definitely 
shows that the phase lies to the aluminium-rich side of this com- 
position and does not include it. 

This phenomenon is difficult to comprehend on the basis of the 
Hume-Rothery rules alone, and it is here that a purely qualitative 
application of thermodynamic principles is of great assistance. 
Reference to Fig. 104 will make the matter clear. The extent of a 
phase depends entirely upon the manner in which the tangents to its 
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f-curve come in contact with thef-curves of the adjacent phases. In 
the case of CuZn, one of the common tangents between adjacent 
f-curves is so placed that the stoichiometric composition typifying 
the ^ -phase actually lies within a two-phase region. Only a small 



Fig. 104. — ^Hypotlietical c-curves to illustrate the anomalous position of phases. Although 
is a minimum at CuZn, CuZn cannot exist because it lies between the points of contact 
of the tangent to Cfi and Cy, 


portion of the -phase f -curve lying to the copper-rich side of CuZn 
is operative in producing the single phase. The same sort of argu- 
ment can be applied to the 0-phase based on CuAlg and to numerous 
examples in other alloy systems. 

The y-Structure. The phases with y-brass-like structures are 
an interesting and theoretically important series of alloys. They are 
hard and brittle, break with a conchoidal fracture and all possess a 
typical lustre which makes it difficult to distinguish one from the 
other. The atomic arrangement was first worked out for CugZng 
by Bradley and Thewliss.^^®^ The derivation of the structure is illus- 
trated in Fig. 105, It is based upon the simple body-centred cube 
which contains two atoms per unit cell. Let us suppose that we have 
stacked 27 of these cubes together to get a large cube with three 
times the cell edge and containing a total of 54 atoms as shown 
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Fig« 105. — (a) The derivation of the 
structure of y-brass from a simple 
cube-centred arrangement of atoms. 
(b) Structure of y-brass. 

(Bradley and Thewliss, Proc. Roy. Soc., A. 
112, 678, 1926.) 


in Fig. 105 (/^^). We derive the 
y-structure by removing two atoms 
from the large cube by taking away 
the crossed atoms at the cube cor- 
ners and the one at the cube centre. 
The remainder of the atoms are then 
moved slightly to fill up the gaps 
so formed, thus leaving a structure 
containing 52 atoms, as shown in 
Fig. 105 (b). 

The symmetry of the structure 
is that of a body-centred cube and 
may be considered as being com- 
posed of a group of 26 atoms at its 
centre with similar groups at each of 
the cube corners, the latter naturally 
being shared with adjacent unit cells. 
Such groups of 26 atoms are shown 
for CugZns, AgsZng and AusZna in 
Fig. 106 (a) and for CugCdg in Fig. 
106 (i). Although the pattern of 
atomic sites is the same in all cases, 
close inspection reveals that there is a 
subtle difference between the dis- 


tribution of the atoms in Fig. 106 (a) from that in Fig. 106 (^). 

It is here that we find a marked distinction between alloy phase 
structures and chemical compounds. In the latter, it is invariably 




Fig. 106. — ^Typical groups of 26 atoms at lattice points of y-structure. 
(W. L. Bragg, y. Inst. Met., 56, 27 S, 1935-) 
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found that in isomorphous compounds, corresponding elements 
occupy corresponding places. But with the y-structure, we see that 
although CugZns and CugCdg are built on the same pattern, the sub- 
stitution of cadmium for zinc causes a reshuffle of the atoms among 
the atomic sites and so the cadmium atoms of Fig. io6 (F) have quite 
different neighbours from the zinc atoms of y-brass. The phase- 
structure in an electron compound is thus independent of the dis- 
tribution of the atoms among the pattern of atomic sites, and must be 
considered as being independent of any direct bonds between neigh- 
bouring atoms such as those which occur in normal valence compounds. 

The Jones Theory. The Hume-Rothery rule merely tells us 
that we may expect certain closely related phases at particular values 
of the electron concentration. In itself it tells us nothing about the 
atomic arrangements, such information having to be obtained by X-ray 
analysis. An explanation of the electron concentration rules, of which 
only the barest outline can be given here, has been offered by 
H. Jones, using the wave theory of the electron originally developed 
by Sommerfeld and de Broglie. 

On the basis of the older physical theories, the electron had been 
regarded as an elementary particle of mass m carrying a negative 
charge of magnitude — e. It was later found to exhibit many of 
the characteristics which are normally attributed to a wave motion. 
According to de Broglie, we can associate a definite wavelength X 
with each electron moving with velocity given by the relation 
h 

X = — , where h is Planck^s constant. The kinetic energy E in 
mv 

electron-volts associated with the moving electron will therefore be 
given by the equation 

E = 

— h^/'imX^ . . . . (i) 

from which it is apparent that the shortest wavelengths are associated 
with electrons of highest kinetic energy. 

To a first approximation we may neglect the periodic field of the 
atoms and treat the crystal as a box partitioned into a large number 
of energy levels in which we put increasing numbers of freely mov- 
ing valence electrons. When their number is small, the electrons 
naturally fill up the levels of lowest energy first, not more than two 
electrons of opposite spin being permitted by the Pauli ‘‘Exclusion 
Principle’’ to occupy each energy level. These electrons with lowest 
energy will be the ones with the longest wavelengths. With con- 
tinued addition, the energy of the electrons rises in a smooth 
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continuous curve as the wavelength diminishes, thus giving a whole 
series of wavelengths down to ^rninimum which can be obtained from 
the relation 



I 


• (^) 


where N is the number of free electrons in unit volume of the crystal. 

It is not difficult to show from equation (2) that if sufficient 
electrons are added, will become of the same order as the inter- 


A 



I /A (/ AT /q NOS TROM UH! TS) 


Fig. 107. — Variation of energy E of free electrons with their wavelength A. 
(W. L. Bragg, y, Inst, Met,, 56 , 275, 1935.) 


atomic distances in the crystal, and, ultimately, it will be possible for 
the electrons to be reflected by the atomic array according to the 
Bragg relation 2d sin 6 = nX in very much the same manner as X-rays 
when A becomes smaller than 2d. When this critical wavelength is 
reached for a set of strongly reflecting planes, the electrons travelling 
normal to them will be totally reflected straight back along their 
incident path. In general, there will be a family of these planes 
belonging to the same “form” so that there will be several possible 
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directions in the lattice in which the electron waves will be reflected 
back. The crystal planes will then act as impassable barriers and 
prevent the electron waves from travelling in specific directions 
through the crystal lattice. Only electrons with a very much higher 
energy can travel in these particular directions and so we get a gap 
in the smooth curve connecting E with A, of the order of an electron- 
volt, which is a considerable amount (Fig. 107). 

As the number of electrons continues to increase, other sets of 
strongly reflecting planes belonging to different forms become effective 
and the energy gap afiFects more and more directions. The first of 
the strongly reflecting sets of planes which make up the forms can be 
thought of as outlining a polyhedron or zone within the crystal lattice. 
When the electrons assume wavelengths such that they can be 
reflected from all the possible simple forms with high reflectivity, it 
is said that the first Brillouin zone has been filled and additional 


electrons must go into higher zones.* 

The values of the interplanar spacing d which 
determines at what value of A the energy gap 
occurs is primarily dependent on the atomic 
arrangement. For the metal or alloy to assume a 
stable atomic, pattern, the Jones’ theory requires 
that all the electrons should be accommodated 
on the lowest portion of the (Ey A)-curve, that is, 
the electrons should occupy the lowest energy 
states when the zone is just completely filled. 
This implies that the atomic pattern assumed 



by an alloy depends upon the ratio of valence electrons to atoms in 


the structure which is merely another way of formulating the Hume- 


Rothery rule. 


The first atomic pattern to which the theory of Jones was applied 
was they-structure which we have described above. The X-ray work 
of Bradley and-- Thewliss showed that the most strongly reflecting 
planes in the crystal were those with the forms {411} and {330}. 
These both have the same value of (= 18) and there- 

fore overlap on the Debye-Scherrer photograph because the inter- 
planar spacings belonging to each set of indices is 2-08 A. The zone 
enclosed by these two forms is almost spherical in shape as shown in 
Fig. 108, so that whatever the direction in which an electron wave is 
travelling, it must fall almost normally on one or other of these planes. 
The critical wavelength given by the Bragg law for normal reflection 


* The discussion is usually carried out using the concept of ‘‘reciprocal” or “k” space, 
but this treatment is beyond the scope of the present work. 
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must be 2d/ = A, or A = 4-i6A. Using equation (2) and to 
evaluate the number of electrons per unit volume, we find that it 
corresponds to an electron-atom ratio of 80 electrons to 52 atoms 
when reflexion just begins to occur on the {411} and {330} planes. 
When all possible directions of the electron waves, including those 
which can be reflected obliquely, are taken into account, a total number 
of 90 electrons for each 52 atoms can just be accommodated on the 
lower branch OA of the energy curve. The Jones’ theory, then, 
predicts that the y -structure should occur when there is a ratio of 
between 80 and 90 valence electrons to 54 atoms. This is in excellent 
agreement with the Hume-Rothery value of 21 : 13 or 84 : 52 
valence electrons to atoms. 

It will now be apparent that the atoms must take up such con- 
figurations that the 41 1 and 330 planes are very strong reflectors. 
It is a consequence of crowding the maximum possible number of 
electrons into the QA branch of the energy curve in order to produce 
a structure with the lowest possible energy. It is permissible to vary 
the electron-atom ratio within limits by changing the composition, 
but should the limit be exceeded, a new set of planes must be pro- 
vided if the structure is to remain stable and this is achieved by the 
formation of a new phase-structure with suitable planes. 

As long as the atomic sites remain unchanged, the 41 1 and 330 
planes will still remain strong reflectors no matter how the atoms 
are distributed among them, and so the stability of the y -structure 
is in no way influenced by the preciseness of the atomic arrangement. 
The same reasoning applies to the other “electron compounds” which 
are the result of the interaction between the atomic pattern on the one 
hand and the common system of valence electrons on the other. The 
position has been aptly summarized by W. L. Bragg, who defines a 
phase-structure simply as a 'pattern of atomic sites. 

The Formation of Interstitial Solid Solutions and Com- 
pounds. When valence conditions and atomic size factors are 
favourable, wide ranges of substitutional solid solution can be expected 
in the primary and intermediate phases of alloy systems. On the 
other hand, carbon, boron, nitrogen and hydrogen, which have small 
atomic radii, have the unique property of being able to fit in the 
interstices between the atoms of the transition metals thereby forming 
interstitial solid solutions and “interstitial compounds”. These 
nitrides, carbides, borides and hydrides all possess metallic properties. 

Gunnar Hagg has made a comprehensive study of the formation 
of these interstitial compounds and has been successful in arranging 
them in an ordered scheme. He has shown that if we denote the 
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atomic radius of the transition metal by and the radius of the 
metalloid atom by then the ratio Rx/^m determines the type of 
Interstitial compound to be formed. The most commonly occurring 
types have compositions ranging about the stoichiometric formiflae 
M2X and MX. These types are to be found when the ratio Rx/Rm 
<0*59 and are based principally upon the face-centred cubic or 
hexagonal close-packed arrangements. Cubic close packing of the 
metal atoms exists in the compounds ZrH, TiH, CrN, ScN, ZrN, 
VN5 TIN, TiC, TaC and VC, while some of those based on the 
hexagonal close packing of metal atoms are TigH, TagH, ZrjH, 
Mn^N, Cr,N, Fe,N, Ta,C, W,C and Mo,C. Pd^H, Mo,N and 
WgN are cubic, while WC has a simple hexagonal arrangement. 

It is difficult to place the positions of the interstitial atoms by 
X-ray methods owing to their relatively small scattering factors and 
their positions have to be inferred from the nature of the structures. 
When the structures are more complex and few have 

been analysed as yet. The structure of cementite FesC has recently 
been established by Lipson and Fetch and shown to have a com- 
plicated orthorhombic atomic arrangement. 

In steels, both the substitutional and interstitial types of solid 
solution may exist at one and the same time. In an austenitic 
manganese steel, it is possible to have manganese substituting iron 
atoms on the face-centred cubic lattice while carbon atoms fit In the 
interstices. This dual type of solid solution is contributory to the 
extraordinarily interesting and important properties which can be 
conferred upon alloy steels by suitable heat treatment. 

The Formation of Superlattices. In our discussion on 
solid-solutions and intermediate phases, we gave a more or less static 
picture of the crystalline arrangement. In actual fact, the atoms are 
in a continual state of thermal agitation which gives them a certain 
amount of mobility at the higher temperatures. So weak is the 
metallic linkage and so "‘empty'* is the atomic core that it is relatively 
easy for the atoms to be continually changing places by sliding past 
each other and thereby to diffuse through the solid structure at an 
appreciable rate. As the temperature falls and the amplitude of 
vibration diminishes, the energy of vibration becomes smaller than 
that required to produce an exchange of places, and so the atoms 
settle down to oscillate with a limited amplitude about fixed mean 
positions in the crystal lattice. 

At high temperatures, we should expect the atoms to be arranged 
perfectly at random among the atomic sites, a condition that could 
be retained by quenching or cooling sufficiently rapidly. Complete 
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randomness can not only be retained by rapid cooling in primary 
substitutional solid solutions with stoichiometric proportions such 
as FcgAl, or CuAuj but also in certain intermediate phase structures, 
of which CuZn may be quoted as an example. 

If the rate of cooling is slow enough, or if the alloy is maintained 
at a suitable temperature for a sufficiently long period of time, the 
different sorts of atoms gradually settle down into regular positions 
in the lattice and the distribution of atoms now becomes one in which 
it is possible to distinguish between the different atomic positions.. 
An “ordered” structure of this type is termed a suferlattice^ and its*, 
formation is accompanied by marked changes in the physical and 
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• =Al, 0= Fe. ®=0‘5AL,0-5Fe 
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Fig. 109. — Superlattice formation in FcgAl and CugAu. The Heusler alloy CugMnAl has 
a superlattice analogous to the ordered FegAl arrangement. 

(W. L. Bragg, y. Inst. Met., 56 , 275> 1935.) 


mechanical properties of the alloy. It is important to realize that 
in the ordering process no change of phase is involved, for the 'pattern 
of atomic sites remains unaffected. 

Changes in the electrical resistance of alloys on prolonged anneal- 
ing had been observed by Tammann in 1919 changes which he 
interpreted as being due to atomic rearrangement. Conclusive 
evidence for the existence of superlattices was obtained some years 
later when Johansonn and Linde conducted their classical X-ray 
investigations on the copper-gold system. The type of changes 
which take place are illustrated in Fig. 109. 

CusAu. Fig. 109 (f) represents the unit cell of the face-centred 
cubic structure CusAu in which the copper atoms represented by 
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white circles occupy the cube faces and the gold atoms shown as black 
circles are stationed at cube corners. The structure is fully ordered. 
The disordered high temperature form is a face-centred cubic struc- 
ture in which it is impossible to distinguish the gold from the copper 
atoms. 

The Debye-Scherrer photograph of the ordered structure illus- 
trated in Fig. no (b^ shows a number of extra ‘‘superlattice lines’^ 
over and above those normally obtained from a face-centred cubic 
lattice. The intensity of these superlattice lines gives us a direct: 
measure of the degree of order which the crystal lattice has attained.. 

In Chapter VIj we showed that the intensity / of an X-ray reflexion 
was directly proportional to the square of the structure factor, FQikr),. 
In the fully ordered Cus Au structure, the co-ordinates of the atoms are* 

Au 000 

Cu ^o, 

The structure factor may therefore be written 

F(Jlkr) =y^^^2.'ri(0.7i+0.fe-j-0.7) ^ ^2:zi(irh -hiDj, 

= /am -j- cos "t 0 + cos -|- T) ).. 

The main lattice lines with intensity 7 ^ occur when hkl are all 
odd or all even. In these cases, then, we have 

=fAu + 3/cw = 3, 4 . . . 8 . . 1 1, 12 . , 

or 

{/au + 3/cfO®- 

The superlattice lines occur when the indices are a mixture of 
odd and even numbers. For these, the structure factor reduces to 

FQikl)^ = f — fcu = i, 2 .. 59^**99 io,..) 

and their intensities 

4 cc —fcuT 

Thus the superlattice lines will tend to be very much weaker than 
the lines of the main pattern unless the difference between the atomic 
scattering factors is sufficiently large. Since / is roughly proportional 
to the atomic number of the scattering element, we see that the copper- 
gold example is a particularly favourable one which gives strong 
superlattice lines. 

In the completely disordered state, the atoms are distributed at 
random among the lattice sites and it is therefore impossible to dis- 
tinguish one atom from the other. The effective scattering powers 
of the atoms at the lattice points must then take the average value 
/ = \{fAu + 3 /ow) structure factor now becomes the same. 
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as for a face-centred cube in which the atoms at cube corners and 
face centres are identical. For complete disorder 

FQikT) = 4/* when hkl are all odd or all even, i.e. = 3, 
4...8..11, 12.... etc. 

and FQikT) = o when indices are a mixture of odd and even integers, 
i.e. = I, 2 . . 5 , 6 . . 9, 10 . . . etc. 

The superlattice lines must therefore vanish entirely, when complete 
disorder sets in. 

The degree of order may be defined by a parameter S which varies 
from I for perfect order to o for a completely random arrangement. 
The structure-factor of a superlattice line for any intermediate degree 
of order may therefore be written 

= (A„ -/oJ.*? 

and the intensity becomes 

The main lattice lines belonging to the normal face-centred cube will, 
of course, remain totally unaffected throughout all the order-disorder 
changes. 

CuAu. The order-disorder transformations in the equi-atomic 
copper-gold alloy, CuAu, have been extensively studied by Dehlinger 

and Graf When quenched from 
high temperatures, this alloy pos- 
sesses a face-centred cubic structure 
in which the atoms are randomly 
arranged. 

When this alloy is annealed at 
a low temperature, the atoms segre- 
gate out into alternating copper and 
gold lattice planes as shown in 
Fig. III. The structure is fully 
ordered, but on account of the 
different atomic radii the structure 
is no longer cubic but face-centred- 
tetragonal with an axial ratio which 
is very nearly unity. The change 
in symmetry is so slight that it is not looked upon as a phase trans- 
formation but as a genuine case of superlattice formation. 

CuZn. The change of into j^-brass (CuZn) at 470®, once 
thought to be a definite phase change, has been shown by X-ray 
methods to be nothing more than an order-disorder transformation. 



Fig. III. — The CuAu Superlattice. 
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When completely disordered at the higher temperatures, the structure 
is indistinguishable from that of a simple body-centred cube, and the 
corresponding powder photograph has lines which only appear when 
(A + ^ + /) is even (see Fig. 93). 

When completely ordered, below 470^, the structure is essentially 
the CsCl type. The atomic co-ordinates are then 

Zn 000 
Cu Mi- 

The structure factor is therefore 

FihkT) 

' Hence 

=fzn +fcu when h + k + lis even 
(Zh^ = 2 4 6 8 . . etc.) 

and 

F(kkl)^ = fzn — feu when A + >& + / is odd. 

•* etc.). 

The diffraction photograph of the ordered structure takes on the 
appearance similar to NiAl sh'own in Fig. 98. The superlattice lines 
of CuZn, however, are extremely feeble, since is very nearly the 
same as Only by employing a suitable radiation, namely zinc 

Ka and a 1 9-cm. diameter camera were Sykes and Jones able to 
make them strong enough for measurement. 

The alloys NiAl, CoAl and FeAl have similar structures to CuZn 
and give quite strong superlattice lines with Co Ka radiation. In 
these cases, however, the structures are completely ordered at very 
high temperatures and probably remain so right up to the melting- 
points of the alloys. 

Cobalt Ka is also suitable for studying the superlattice in the 
highly magnetically permeable face-centred cubic alloy FeNis, With 
long annealing, this alloy eventually becomes fully ordered, but so 
small is the difference in scattering factor between iron and nickel 
that the superlattice lines are only just visible even under the best 
conditions. 

FegAl. The FcgAl type of superlattice which was first investi- 
gated by Bradley and Jay is shown in Fig. 109 {a)^ the black 
circles corresponding to A 1 atoms and the white circles to Fe. The 
full regularity of the superlattice is brought out by stacking together 
eight elementary body-centred cubes. It will then be seen that 
aluminium and iron atoms alternate regularly at the cube centres. 
If the alloy is quenched above 700° C., the structure obtained is the 
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completely disordered one shown in Fig. 109. Powder photographs 
of FeisAl in the disordered and ordered condition are illustrated in 
Fig. 112. The superlattice lines occur at positions which correspond 
to doubling the cell edge of the elementary body-centred cube. 

There is a transition to the CsCl type of superlattice in the region 
of FejAl. This is marked by a definite minimum in the lattice- 
parameter curve (Fig. 91), and is probably connected with a change 
in valence of the iron atoms which falls to zero at the stoichiometric 
composition FeAl where the electron : atom ratio is 3 : 2. 

The Heusler Alloys. A whole series of ferromagnetic alloys 
containing for the most part only the elements copper, manganese 
and aluminium was discovered by Heusler towards the close of the 
last century. The most ferromagnetic of these has a composition 
corresponding closely to CujMnAl. When heated for six hours at 
500° C. and slowly cooled to room temperature, the structure is very 
similar to that of y-brass and, in this condition, the alloy is non- 
magnetic. On the other hand, when the same alloy is quenched 
from 800° C., the alloy becomes strongly ferromagnetic. 

Bradley and Rodgers investigated the alloy in the ferromagnetic 
condition by taking Debye-Scherrer photographs. They were able 
to show conclusively that the structure was very similar to the super- 
lattice possessed by Fe,Al. If for a moment we consider the structure 
shown in Fig. 109, the Heusler alloy would have alternate cube- 
centres filled with A 1 and Mn atoms, while the rest of the lattice 
points would be occupied by Cu atoms. We thus have the interesting; 
phenomenon of a ternary superlattice existing at a high temperature,! 
which, on being retained by quenching, is ferromagnetic at normal! 
temperatures. Slow cooling, instead of promoting a structure witlu 
a higher degree of order, results in the formation of the more stable: 
though more complicated y-structure. 

An Outline of th.e Order— Disorder Transformation Tbeory- 
The literature on the mechanism of the order-disorder transformation, 
now very extensive, is comprehensively reviewed in a paper by Nix 
and Shockley.^*®’ The method of approach adopted by Bragg and 
Williams based upon very simple assumptions about the energy 
of dififerent atomic configurations leads to results of great practical 
and theoretical importance. We shall only attempt to give a brief 
outline of the theory and some of the consequences which flow 
therefrom. 

Thermodynamical reasoning leads to the conclusion that the most 
stable structure is the one with the lowest thermodynamic potential 
or lowest internal energy. Now an ordered arrangement has lower 
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internal energy than one of disorder and so the superlattice must 
represent the most stable condition at the lower temperatures. The 
effects of thermal agitation at higher temperatures is to shuffle the 
atoms and to destroy the ordered arrangement. 

Let us suppose that two kinds of atom, A and B, form a structure 
which can be obtained in states of perfect equilibrium at all temper- 
atures. At the lowest temperature, the structure will be perfectly 
ordered and the atoms will be readily distinguished from one another. 
Thus A and B atoms will alternate in proper sequence since they 
will all be in their “right’’ places. To move an A atom from its 
right place into a “wrong” position, which should really be occupied 
by an atom of B, will require a certain amount of work V j which can 
only be done by supplying energy in the form of heat. As the 
temperature of the alloy is raised, more and more A atoms move into 
“wrong” places, and, of course, the equal number of B atoms which 
take their places must now be in wrong positions. The structure 
loses its perfection of order and eventually becomes completely random 
as the temperature continues to rise. 

We shall define the degree of order by a parameter S which varies 
from I for perfect order to o for a completely random arrangement. 
In the Bragg-Williams theory, iS is a linear function of the probability 
of finding a given atom in a “right” place, that is, a place which is 
normally occupied by an atom of the same kind in the perfectly 
ordered structure. W^e wish to know how the equilibrium degree 
of order varies with the temperature, or what is very much the same 
thing, how many atoms will be in “wrong” places at a given instant. 

As we apply heat to the fully ordered alloy, one of the A atoms 
will acquire sufficient energy to jump into a “wrong” place. The 
structure will now be slightly less ordered, and so the next atom to 
Jump into a wrong place will need a slightly smaller energy V . Indeed, 
the more disordered the structure, the smaller becomes the energy 
to move into a “wrong” position, until finally, when disorder is 
complete and all distinction between “right” and “wrong” places has 
disappeared, no extra work is required to move an atom from one 
place to another. As a first approximation, we may assume that the 
work required to move an atom from a “right” to a “wrong” place 
is a linear function of the degree of order, or, expressed mathematically, 
V = if all the heat is used in producing disorder, the trans- 

formation takes place isothermally. 

For every particular temperature T, there is an equilibrium degree 
of order S = /(T’) which decreases as the temperature is raised. We 
therefore have the interplay of two processes, one depending upon 
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i8o 



Fig. 1 1 3. — Relation between degree of order S and temperature T. 

At temperatures above Tg the alloy is completely disordered. The order-disorder transformation is 
completely reversible. Note the sudden collapse of order when T — Tc, 

the temperature alone and the other on the degree of order. First 
of all, the degree of order diminishes on account of S =f(^T)^ and 
secondly, the attainment of disorder is rendered easier on account of 
F = which makes the required energy change smaller, the 

smaller the degree of order. These two mutually assisting effects 
act together, and as the temperature is raised, the disordering process, 
which begins slowly at first, gathers momentum like an avalanche 
until there is a complete collapse of the ordered state. The equilib- 
rium thus follows the type of curve illustrated in Fig. 1 13. 

The rapid collapse of the ordered state occurs at a critical teni’- 
ferature which is characteristic of the alloy. It is important to 
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Fig. 1 14, — Specific heat of j 5 -brass, 49*06% Zn. 

(C. Sykes, Prac. Roy, Soc,, 148, 422, 1935.) 
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realize that the process is strictly reversible provided conditions of 
thermodynamic equilibrium are maintained, so that on cooling down, 
the onset of order will be equally sudden when the critical temperature 
is reached. 


The heat energy required to produce the change varies continu- 
ously with the degree of order and 
therefore with the temperature. Over 
the range of temperature in which i8p 

the structure is becoming disordered, ^ 

the alloy will show an abnormal specific < 

specific heat which will be greater 55-^' 

than the value given by Dulong and > 

Petit’s law. When the critical tern- 1 » 

perature is reached, no more disorder f Sp 

can take place and the value of the j ,q_ 
specific heat falls sharply to the • 

normal value. The ^ — /S' trans- | g _ au 

formation in CuZn gives a thermal I 's 

arrest due to the changing specific ! 

heat of the alloy which retards the ' / 

rate of cooling over an appreciable • 

temperature range. The actual varia- t ^ 

tion has been closely studied by Sykes, ; 

and his results are shown in Fig. 1 14, ; ^ r i 

The order-disorder transfprma- -273 o 400 soo 

tion may also be studied by observing tempbrature,^c 

the changes of electrical resistivity 115—Resistivity curves of CuAu. 

with the temperature, for the resist- T935!) 

ance due to disorder will be super- 
imposed upon the resistance promoted by the thermal vibrations of 
the lattice. The excellent accord between theory and experiment is 
borne out by the resistivity curve of CuAu illustrated in Fig. 1 1 5. 




TEMPERATURE^ 


Fig. 1 15. — Resbtivity curves of CuAu- 
(W. L. Bragg, y. Imt. 56 , 275, 

I 935 -) 


Tlie Infliieiice of Temperature on tlie Annealing Time. 

When the alloy is in thermodynamic equilibrium, as many atoms will 
be moving from ordered to disordered positions as in the reverse 
direction. If at this particular temperature the alloy is not in equilib- 
rium, it will, if left to itself, relax towards the equilibrium state of 
order. This process takes time, and how long it takes will depend 
upon the temperature of the alloy as well as upon other factors which 
are practically independent of the temperature. 

Let us suppose that we have an alloy at a temperature T whose 
equilibrium balance Jias been disturbed, and that it takes a time t 
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for the departure from equilibrium to be reduced to i/e of its initial 
value. The “time of relaxation” is given by the approximate relation 

w 

T = Ae^T . . . . (i) 

where A = io~^® 

k is the Boltzmann constant 

and W is the energy barrier to be surmounted when an atom 
changes places. 

If we know the time of relaxation at any one temperature, we 
are in a position to calculate the time of relaxation at any other tem- 
perature. For example, suppose the alloy were out of equilibrium 
at a temperature Ti and the time, t, taken for it to recover to i/e of 
its initial value were i second, we require to know what the value 
of T would be at any other temperature T. From equation (i) we 
find that for 

T/Ti =1*2 T = 0*01 second. 

T/Ti = I'Q X — I'O second by definition. 

r/Ti = 0-8 T = 17 minutes. 

T/Ti = 0*6 = 3 years. 

T/Tx = 0*5 = 30,000 years. 

This illustrates in a remarkable way how rapidly the state of 
equilibrium is approached at the higher temperatures. At low tem- 
peratures the difl^sion is so sluggish that impossibly long annealing 
periods are required in order to obtain true equilibrium. If the 
critical temperature is low, atomic movement will have slowed 
down to such an extent that it will be virtually impossible to obtain 
the alloy in a state of complete order whatever the period of annealing. 
On the other hand, with high, the alloy will pass into a state of 
order however rapidly it may be quenched. To study a superlattice 
transformation necessitates the critical temperature of ordering to lie 
within a narrow range. This accounts for the comparative rarity 
of cases like FcjAl, CuAu, CusAu, where the alloy can be preserved 
at any predetermined degree of order by heat treatment. 

Long Range and Short Range Order — Out of Step Domains. 
The order-disorder theory as originally put forward by Bragg and 
Williams makes the tacit assumption that the degree of order in the 
whole crystal is the same as the degree of order over short distances. 
This assumption of long-range order is .perfectly sound when the 
alloy is cooled slowly enough to ensure perfect thermodynamic equilib- 
rium at each stage. However, when we study the transformation 
more closely, we find that it is much more complicated than we first 
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of all supposed. The first stage in the transition from disorder to 
order involves the formation of nuclei or small volumes within the 
crystal which have a degree of order corresponding to the equilibrium 
degree of order at the temperature of the specimen. If we maintain 
the temperature constant, these nuclei grow until they become of 
the same order of size as the crystals themselves. The superlattice 
lines in the powder photographs are created by the ordered array 
which extends through the crystal as a whole and are therefore just as 
sharp as the main lattice lines, although their intensities vary in 
strength in proportion to the degree of order then prevailing. 

If, now, the alloy is cooled faster than the rate at which it can 
come into equilibrium, two processes take place at the same time ; 
the nuclei tend to grow, and at the same time the degree of order 
in the nuclei increases rapidly owing to the lowering of the temperature. 
We then arrive at a stage when nuclei, having rapidly attained a high 
degree of internal order, grow sufficiently large to come in contact 
with each other, being separated by more or less disordered boun- 
daries only two or three atoms wide. 

Within each individual grain, the lattice consists, as it were, of 
a “foam” of nuclei, each of which is perfectly ordered within itself 
but out of step with its adjacent neighbours. Expressed pictorially, 
we may write down the long-distance order which extends throughout 
the entire single crystal as : 

ABABABABABABABABABABABABAB, 

while the order in the foam structure with its disordered boundaries 
may be expressed as ; 

ABAB:B:BABAB:B:BABABA:A:ABABABA 

Since the crystal has been cooled too rapidly, there is not sufiicient 
time available for that dynamic interchange of atoms which would 
give rise to the long-distance order. The crystal becomes perfectly 
ordered, but only over short distances. 

Such a “foam” structure as we have described above is revealed 
by a broadening of the superlattice lines in the powder photographs. 
The line broadening comes about from lack of resolving power of 
the crystal grating when the size of the diffracting unit becomes 
somewhat less than lo”^ cm. This is considered in detail in Chapter 
IX, By measuring the increase in breadth of the superlattice lines, 
it is possible to calculate the average size, s, of the nuclei in addition 
to the degree of order prevailing for the different rates of cooling. 

Some typical Debye-Scherrer patterns of CusAu taken by F. W. 
Jones and C. Sykes are illustrated in Fig. 1 1 6 , The great increase 
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in line sharpness with increasing size of nuclei is brought out in a 
most striking manner by these very beautiful photographs. 

Phase Changes at Liquid Air Temperature. Since Os- 
mond and Cartaud’s work on meteoritic irons in 1904, a vast 
amount of research has been carried out on the iron-nickel system, 
but despite all efforts a satisfactory equilibrium diagram has not yet 
been drawn. The difficulties lie mainly in the iron-rich portion of 
the system where the alloys are extremely difficult to produce in a 
condition of true equilibrium. The change from face-centred cubic 
y solid solution to body-centred cubic a produced by normal slow 
cooling rates cannot be reversed on heating until a very much higher 
temperature is reached. A marked hysteresis in the physical pro- 
perties with temperature follows as a natural consequence. This 
difficulty is demonstrated by the type of diagram proposed by Honda 
and Miura, and by M erica, shown in Fig, 117, in which they 
attempt to reconcile two sets of conditions, one for cooling and one 
for heating. Clearly such a diagram is definitely in conflict with 
the laws of thermodynamics, and would not be followed if the rates 
of cooling or heating could be made sufficiently slow. 

An alloy with a composition in the region of 15 per cent. Ni at 
700® will have a single-phase face-centred cubic structure. As it 
cools through the a y range, it tends to precipitate oc-phase of 
varying composition at the crystal boundaries. Such precipitation 
necessitates atomic diffusion to take place over several atomic distances, 
but since the difference between iron and nickel atoms is so very small, 
the thermodynamic potential for the state of equilibrium is very little 
different from the out-of-equilibrium potential at that particular 
temperature. The result is that the alloys are “sluggish” and only 
prolonged annealing over several weeks produces conditions even 
remotely resembling true equilibrium. The very broad lines in the 
powder photographs produced by the lack of thermal equilibrium in 
the alloys begin to sharpen up following the protracted annealing 
periods. 

However, when such an alloy which has retained its face-centred 
cubic structure is plunged into liquid air ( — 200° C.) for a few 
moments it transforms immediately into the body-centred cubic form. 
The phase transformation takes place under thermal conditions in 
which diffusion processes over long distances are clearly impossible. 
The change from the face-centred cubic to the body-centred cubic 
structure can be. achieved by a very slight local rearrangement of the 
atoms, for the two structures are almost as closely packed. When 
the temperature drops to such a value that the thermodynamic poten- 









Fig. ii8.— Powder photographs of the y —>■ a transformation in Fe-Ni alloy containing 

28*9 atomic per cent Ni. 

(^) Face-centred cubic y-phase. 

{b) Body-centred cubic a-phase -{- some residual y-pbase after plunging specimen into liquid air. 
9-cm. diameter camera. CoKa radiation. 



Fig. 1 19.— First stages in determining the boundaries of two-phase fields and comers of three- 

phase triangles. 

Alloys P and Q yield the first approximations to the boundaries of the a and jg phase fields. An alloy 
such as R locates a corner of the three-phase triangle. 
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tial of the body-centred cubic structure is sufficiently below that for 
the face-centred cube, the whole crystal automatically goes over into 



Fig. 1 1 7.— The Iron-Nickel Equilibrium Diagram (Merica). 
(A. J. Bradley and A. Taylor, Proc. Roy> 5c<r., 166, 353 , 193^-) 


its equilibrium structure without the need of long-range thermal 

diffusion processes to occur. . , . , 

When the alloys are duplex, treatment in liquid air always increases 
the amount of body-centred cubic phase. In Fig. 1 1 8 we s ow t e 
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change which has taken place in a single-phase alloy containing 28-9 
atomic per cent, of nickel. Here the transformation has not been 
quite complete and a small proportion of y -phase still remains. 

Difficulties in obtaining true equilibrium extend over a large 
range of the diagram. The alloy “permalloy’' which has a com- 
position near FcsNi requires a very prolonged anneal before the face- 
centred cubic lattice develops a fully ordered structure like NisAl 
and even then, using Co Ka radiation, which for this particular alloy 
gives the biggest difference between the Fe and Ni atomic scattering 
factors, the superlattice lines are only just visible on powder photo- 
graphs taken in the 1 9 cm. diameter camera. 

The Examination of Ternary Alloy Systems by X-rays. 
We have already seen how the X-ray examination of binary equilibrium 
diagrams was attended in its early stages by a search for the simplest 
possible powder patterns whereby the regions of single phase could 
be identified. The next logical step was to establish the phase limits 
at room temperature and at successively higher temperatures, linking 
these findings with the thermal work from which the solidus and 
liquidus curves had been derived. The number of alloys required 
to establish the diagrams was shown to be dependent on the com- 
plexities of the system itself, but on the average some 40 or 50 alloys 
would normally be examined before the investigator was fully satisfied 
with the self-consistency of his results. 

It would seem then that the extension of an investigation to cover 
a whole ternary system would demand an exceedingly large number 
of alloys. One authority has stated that some 1,250 compositions 
would have to be studied in order to survey the field, an undertaking 
which would require several years for the average investigator to 
complete by the classic methods of microscopic examination. It is 
precisely at this juncture that the full power and elegance of the X-ray 
method is revealed, for it can distinguish between the various phase- 
structures with absolute certainty and with an ease but rarely achieved 
by the microscope alone. 

Although only a comparatively small number of ternary systems 
has as yet been made the object of X-ray investigation, one very 
important fact has emerged, namely that the formation of new ternary 
single-phase regions is a comparatively rare events and their occurrence 
will be instantly recognized by the appearance of a fresh type of 
diffraction pattern. This is important because preliminary investi- 
gations covering the three binary systems, which form the sides of 
the composition triangle, will have established in advance most of the 
structural types likely to be encountered, and a comprehensive file 
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of X-ray identification patterns belonging to the different binary 
phase-structures will already be to hand. The problem of investi- 
gating the interior of the composition triangle is thereby considerably 
simplified, so much so that only a relatively small number of ternary 
alloys is required to map out the entire area. 

With all this binary diagram information at our disposal, it is now 
an easy matter to decide whether a ternary alloy consists of one, two 
or three phases in equilibrium, and with a little experience it is possible 
to make a good estimate of their relative amounts by visual inspection 
of the powder diagrams. Experience has shown that the phase 
boundaries are most easily located by examining the two- and three- 
phase regions first and then by studying single-phase ternary alloys. 

Thus in a two-phase region (Fig. 1 1 9), the dloy P splits up into 
two conjugate solid solutions along a tie-line. Which phases are in 
equilibrium are immediately established from the simple binary 
patterns, and so the direction of the tie-line is very roughly fixed- 
That P is close to the a-phase boundary is readily inferred from the 
intensities of the a- and y5-phase patterns, and the approximate position 
of the /^-phase boundary is obtained. An alloy Q is then made up 
in order to confirm the position of the ^-boundary and at the same 
time the phase proportions confirm the general run of the a-phase 
boundary. A few alloys made inside the a and ^ areas of single 
phase yield a series of lattice parameters, which, when compared with 
those of P, immediately determines the compositions of the two 
conjugate solid solutions and accurately fixes the direction of the tie- 
line. Repeating this process for a few alloys such as P and Q not 
only establishes the limits to the single-phase regions but also estab- 
lishes the run of the tie-lines in a manner impossible by any other 
method of investigation. 

The extent of the three-phase regions is just as easily mapped out. 
Any alloy made within a three-phase region splits up into three phases 
of fixed composition whose relative amounts are readily assessed by 
inspection of the powder photograph. If we make an alloy lying just 
within one of the apexes of a three-phase triangle, it yields a strong 
pattern belonging to the phase field nearest to it, and a weaker pattern 
belonging to each of the two phases at the other corners of the triangle. 
As before, by estimating the intensities of these two patterns, it is 
possible to ascertain with fair accuracy the compositions of the two 
minor constituents. Verification is obtained by making up alloys 
with compositions judged to lie just within the other two apexes. 
Further verification will be had from the run of the tie-lines, for the 
side of a three-phase triangle is the limiting tie-line of a two-phase 
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field. Lattice parameter measurements will then be used to give the 
final touch of accuracy to positioning the apexes of the triangle. 

In general, the phase diagram will be roughed out by visual 
inspection long before lattice parameter measurements are made. It 
is very helpful to make up alloys which will lie just within a two-phase 
region, thereby establishing the single-phase boundary, the two- 
phase region, and the tie-line directions simultaneously. Also those 
alloys which lie just within the apexes of the three-phase regions will 
establish the limiting tie-lines and the compositions of the three co- 
existing phases. These three-phase triangles, it is most important 
to note, give the key to the whole diagram. By drawing hypothetical 
single-phase boundaries, which conform to the rules of direction at 
the triangle corners, vast areas of the ternary system can be rapidly 
mapped out in a provisional yet convincing fashion, to await the 
further refinements which confirmatory alloys and lattice parameter 
measurements will bring. An interesting method of approach to the 
subject is also given by Anderson and Jette who trace the bound- 
aries by the discontinuities in the lattice parameters. 

Nomenclature for tlie Single-Phase Regions. The only 
really satisfactory system of phase nomenclature would be one based 
upon the crystal structures of the phases, but unfortunately most of 
the accepted symbols for well-known binary diagrams were adopted 
long before the application of X-ray methods. When an attempt is 
made to carry these symbols over into ternary and polynary systems 
generally, difficulties arise, for those phases which have the same 
crystal structure must be given the same nomenclature or else a 
hopeless state of confusion would develop. 

The following conventions have been tentatively adopted,^^^^ 
Face-centred cubic structures in the phase fields containing nickel 
and copper are called a, in accordance with the standard metallurgical 
terminology in binary systems containing a large region of copper- 
rich solid solution. The symbol p is used for the body-centred cube. 
This also is in accord with the generally accepted nomenclature for 
the systems in which this structure follows the a-solid solution, but 
unfortunately it clashes with the symbol for ferrite which is usually 
termed a-iron. However, for ternary systems, the enormous simpli- 
fication in nomenclature resulting from labelling ferrite makes 
departure from older practice well worth while. The symbol y is 
reserved for the structures which have the same type of atomic pattern 
as y-brass. So far it has not been found practicable to extend the 
notation to other ternary structures, as they are considered to be of 
minor importance. 
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When a phase-structure develops a superlattice, it is indicated 
by the addition of a suffix rather than by the use of an additional 
symbol. For example, a face-centred cubic superlattice like N^Al 
is denoted by a,, the body-centred cubic superlattice of the FcjAl 
type by and that of the FeAl type by When two structures 
of the same type are in equilibrium, a superscript is added to one of 
them for the purposes of differentiation, as for example in the two- 
phase region a, -}- a^' in the system Fe-Ni-Al. 



Fig. 120. — Illustration of a new system of nomenclature. 
(J. S. Marsh, 'Principles of Phase Diagrams^ 


Marsh has pointed out the urgent necessity for a satisfactory 
notation which can be applied to the various transformations found 
in binary and polynary systems. His proposed nomenclature for 
binary systems is reproduced in Fig. 1 20. It is felt that the adoption 
of this scheme will do much to simplify the description of complicated 
polynary systems. 

In the next section we shall describe some typical results of X-ray 
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investigations on ternary systems which have been carried out accord- 
ing to the general methods described above. 

The Ternary System Fe-Ni-Al. The discovery of a new 
permanent magnet material by Mishima having a composition in 
the region of FegNiAl focused attention on the iron-nickel-aluminium 
ternary alloys. An important pioneer investigation into the metallo- 
graphy of the system which attempted to explain the relationship 
between the face-centred cubic and body-centred cubic phase fields 



Fig. 121. — Three-dimensional model of the Fe-Ni rich Fe-Ni-Al ternary system based on 
thermal and microscopical examination, 

(W. Koster, Archie, fur das Eisenhiittenwesen^ Heft 4, 257, 1933/4.) 

was carried out by Koster It included a very thorough study of 
the liquidus and solidus curves by thermal analysis, showing the 
gradual change from the eutectic transformation in the nickel- 
aluminium system, to the peritectic transformation in the iron-nickel 
system (see Fig. 95 (Ni-Al) and Fig. 117 (Fe-Ni)). A microscopic 
study fixed the boundaries in the solid state and indicated the existence 
of a wide area of solid solubility stretching from pure iron to the 
compound NiAl. The Curie points were also determined. 

Three-dimensional views of the iron-rich portion of the system 
derived by Koster are given in Fig. 12 1. An isothermal phase 
diagram for room temperatures taken from KCster’s paper is given 
in Fig, 122 on the basis of atomic percentages. The phases have 
been re-lettered in the present instance, a representing the face- 
centred cubic nickel-rich phase, while /5 denotes the body-centred 
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cubic phase field which extends from Fe to NiAL The microscope 

could not determine the tie-line directions and it was naturally, albeit 

erroneously, assumed that they 

linked straight across the a -f- ^ 

two-phase field. 

The whole ternary area was / 

mapped out by Bradley and / / \ 

Taylor using X-ray methods. / a / /\ 

In all, they required less than / / / \ 

1 50 alloys to cover the entire / / n / \ 

region apart from the alloys \ 

used in studying the three yj / ^ \ 

binary systems. Their final / * \ 

results for slowly cooled alloys Pe^ ^ A I 

are shown in Fig. 123 Fig. 122 . — The Fe-Ni-Al equilibrium diagram 

and an enlargement of the according to w. K5ster. 

o In TY1 'I m TYi ^lote the new no men cls-ture * oc — fscc'ccntreti 

alUminiUm-riCh corner in b Ig. ^ _ body-centred cubic phase Held. 

123 (F). Attention is specially 

drawn to the few alloys required by the trial and error methods to 
establish the limits of the two- and three-phase fields and the direc- 
tions of the tie-lines. 

Along the Ni-Al edge there is a two-phase region which separates 
the oc and ai' alloys which are both face-centred cubic, but with 


slightly different spacings. This two-phase region narrows and 
finally vanishes as iron is added. The extensive a area is shown 
divided by a dotted line into the regions a and ai, the latter having 
the same superlattice structure as ai' in the binary Ni-Al system. 
The exact position of the dotted line is dependent on the heat treat- 
ment, for, as Sykes has shown, the alloy NijFe can be made to develop 
a completely ordered structure if the heat treatment is sufficiently 
prolonged. 

The body-centred cubic p area which extends from pure Fe to 
FeAl and right across the diagram to NiAl exhibits complex super- 
lattice variations, p is simple body-centred, like iron, with a random 
replacement of iron by aluminium atoms, p^ has a superlattice based 
on FesAl, while p^y which stretches across the triangle including FeAl 
to NiAl, has the CsCl type of superlattice. The dotted boundary 
divides the area p^.^ which is ferromagnetic at room temperature, 
from the area p^^^y which is not ferromagnetic. 

The region shown by Koster to he oc + p was discovered to be 
much more complicated and to consist of the four separate areas, 
«-i + «. + fiy ^ ^ and a + j8 + The two-phase field 














THE STUDY OF THERMAL EQUILIBRIUM DIAGRAMS 1 93 

^ Pim, includes all the compositions which are suitable for the 
manufacture of permanent magnets.- FegNiAl, which is indicated 
on the diagram, is typical. This alloy is single phase at high tem- 
peratures, but on slow cooling it breaks up into FesgNiAl near pure 
iron and FegNi^Al^ near the centre of the diagram. We shall 
return to this point later, when we discuss the heat treatment 
required to produce an alloy with the best permanent magnet 
properties. 

As we leave the p phase-field and approach the aluminium corner 
of the composition triangle, the system grows exceedingly complex. 
The enlargement of the area shown in Fig. 123 (F) reveals the exist- 
ence of two ternary intermetallic compounds denoted by the symbols 
7 t and p, which, as far as the iron-nickel-aluminium system is con- 
cerned, comprise entirely new structural types. Their presence was 
first revealed by the appearance of extra patterns of lines which could 
not be reconciled with any of the powder diagrams of the binary 
iron-aluminium and nickel-aluminium alloys. 

Once they were isolated, the 7 t and p phases were found to have 
their counterparts in the cobalt-aluminium binary system. The tz 
phase-field centred round FegNiAlio is isomorphous with C02AI5 
which contains 8 cobalt atoms and 20 aluminium atoms in a hexagonal 
unit cell.^^^^ Again, the p phase-field centred round FeNiAlg is 
isomorphous with the structure of C02AI9. The analogies are 
brought out by the similarity of powder photographs in Fig. 124, 
taken with Co Koc radiation in a 19-cm. camera. 

The dotted line in Fig. 123 {a) shows which compositions in the 
ternary system as a whole are most like the cobalt-aluminium alloys. 
A selection of powder photographs of alloys taken from the neigh- 
bourhood of this line is shown in Fig. 125 (F) for comparison with 
photographs of cobalt-aluminium alloys in Fig. 125 (a)^ Four phases 
are analogous, a, p^^ jt, and p. Although there is another phase in 
the cobalt-aluminium system containing about the same amount of 
aluminium as does A, its structure is different and the analogy can 
no longer be considered perfect. 

The Crystal Structure of the Permanent Magnetic State. 

The new iron-nickel-aluminium diagram described above removes 
the difficulties encountered by earlier X-ray workers on magnetic 
alloys. Burgers and Snoek^^^^ investigated the effect on the magnetic 
properties of cooling at different rates from 1,200° to 700° C. Their 
results are given in Fig. 126 which shows the coercive force of 
an iron-nickel-aluminium alloy single crystal in relation to the time 
of cooling. The rapidly cooled material has a very low coercivity. 
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and is therefore useless as a permanent magnet. A very slowly cooled 
specimen gives only moderately high values of the coercive force. 
The best results are obtained by cooling at a definite rate. Burgers 
and Snoek found that the state of maximum coercivity corresponds 
to a condition of the specimen when the 310 reflexion begins to 
broaden. 

The X-ray researches of Bradley and Taylor carried these 
investigations a stage further. In Fig. 127 is shown their photo- 
graphs from the same 310 reflexion, but from a powder instead of a 
single crystal, and after different heat treatments. FejNiAl was 

He 



Fig. 126. — Coercive force (Hg) of a nickel-iron-aluminium single crystal in relation to the 
time f, required for cooling from 1,200 to 700® C. 

(Reproduced by permission from Thysica.) 


quenched successively from 900°, 800°, 700° and 600° C. and finally 
it was slow-cooled. The powder photographs show a gradual 
broadening of the lines as the quenching temperature is reduced, 
culminating in a definite doubling of each line in the slowly cooled 
state. 

The doubling of the lines can be understood from the phase 
diagram g^ven in Fig. 123. The slowly cooled alloy consists of two 
constituents of slightly different lattice parameter. The X-ray 
patterns of the two constituents almost but not quite overlap. There 
are, therefore, four lines belonging to the 310 reflexion instead of the 
usual Ka-doublet. One pair of lines belongs to the pattern of the 
iron-rich constituent /S, which has a lattice parameter slightly smaller 
than the rest of the alloy. The other pair belongs to a constituent 
much richer in nickel and aluminium. The superlattice line 
which is present on the photograph also belongs to this constituent, 
and not to the iron-rich one. 
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Combining the evidence obtained by Burgers and Snoek with 
their own, Bradley and Taylor were able to picture the process which 
leads to the formation of the magnetically ‘^hard"^ alloy. In the 
original high temperature state there is only one single type of lattice 



Fig. X27. — ^Powder photographs of Fe^NiAI. 

End doublets only shown. Photographs taken with CoKa radiation in 19-cni. diameter camera. 
Photometry carried out with manually^operated photometer of the Dobson type similar to the one illustrated 
in Fig. 54. 

(Brauley and Taylor, Tastes in Industry-Magnetism^ 

■which is body-centred cubic with a clear distinction between cube 
centres and cube corners. This is pictured in Fig. 128 («). The 
nickel atoms are completely sorted out from the aluminium atoms, 
but the iron atoms are distributed at random, some replacing nickel, 
others replacing aluminium. In Fig. 128 is shown the state of 
the alloy after slow cooling. The crystal has split into two portions. 
The smaller contains almost pure iron; the larger is very like the 
original lattice but contains fewer iron atoms. 
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In Fig. 128 (c) we show an intermediate state in which the 
coherence of the original lattice has not been lost, but the atomic 
distribution is no longer uniform throughout the crystal. The iron 
atoms have begun to separate from the rest of the atoms, but at first 
they only form small aggregates. There is no definite crystal 
boundary between them and the parent crystal, and the lattice spacing 
is the same as in the original state. The small “islands” of iron 
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Fig- 128. — FcgNiAJ after different heat- treatments. 

(jo) Quenched 1,200°, one crystal ; Fe atoms at random, (b) Slow cooled, two crystals 5 Fe-rich 
crystal contracts in volume by i per cent, (c) Special heat-treatment for high coercivity ; Fe atoms in 
“island** ; no sharp boundary, 

(Bradley and Taylor, Physics in Industry ^Magnetism.) 


cannot break away to form separate crystals once the alloy has been 
cooled down to room temperature. 

In the permanent magnetic state the alloy has the structure 
represented in Fig. 1.28 (r). This state is obtained by cooling the 
alloy at such a rate that the “islands” have not time to grow before 
the material has cooled down. Being still forced to conform to the 
dimensions of the parent lattice, the iron atoms are held apart under 
a condition of immense strain. This is the cause of the" remarkable 
magnetic properties of FeaNiAl. 




Fig. 129. — {a) The Cu-Ni-Al ternary equilibrium diagram for slowly cooled alloys. {b) Enlargement of dotted’ 
(A. J. Bhadley and H. Lipson, Vroc. Roy. iW., 167 , 4ZI, 193H.) 
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The Ternary System Cu-Ni-Al. Aiiothex’ interesting example 
of a complicated ternary diagram is that of Cu-Ni-Al shown in 
Fig. 129 (a) with an enlargement of the most complex portion in 
Fig. 129 ( 3 ). This system was completed by Bradley and Lipson 
very soon after the establishment of the ternary diagram of Fe-Ni-Al. 

In the Cu-Ni-Al diagram the face-centred cubic area is quite 
separate from the face-centred cubic phase field which has a super- 
lattice like NisAL The gap found between a and ai in the nickel- 
aluminium system does not close along a binodal curve with additions 
of copper such as accompanies the addition of iron in the Fe-Ni-Al 
ternary system. The tie-lines linking the extensive a-phase with 
the conjugate solid solutions in ai start parallel with the Ni-Al edge 
of the composition triangle and swing round rapidly, the composition 
of the ai-phase remaining almost constant. The effect is illustrated 
in Fig. 130. 

Ca 



Fig. 130. — ^Directions of 
tie-lines in the a 
phase field of the 
Cu-Ni-Al system. 

(H. Lipson, JReports on Fro- 
gress in Fkysics^ 6, 361, 1939.) 
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The /Sa-phasCj which in Fe-Ni-Al extends from FeAl to NiAlj 
only reaches a short distance into the composition triangle of Cu-Ni-AL 
In contrast, the d phase-field is much larger. The y-phase of the 
copper aluminium binary system, which in reality consists of three 
closely allied phase structures ya and ya in rapid sequence, extends 
into the composition triangle to be linked with the tie-lines to the 
related structures and < 5 . There also exists a ternary intermetallic 
compound r, which possesses a deformed body-centred cubic structure. 
The reader should note carefully the marked economy of alloys and 
the correct application of the rules of direction at the corners of the 
three-phase triangles. 

Defect Lattices in Fe-Ni-Al and Cu-Ni-Al Ternary Alloys. 

It will be remembered how in the Ni-Al binary system the lattice 
parameters of the ^-phase rose to a maximum at NLAl as the aluminium 
content was progressively increased only to decline to the accompani- 
ment of a disproportionate fall in the densities associated with the 
formation of lattice defects. In Fig. 13 1 we show an extension of 
the lattice parameter measurements into the ^-phase field of the 
ternary system Fe-Ni-Al. 

At NiAl the Brillouin zone bounded by the planes {110} is just 
filled, so that the addition of extra electrons would be marked with 
the formation of a new phase, but in the Ni-Al system the increase 
is avoided by the omission of atoms which keeps the number of 
valence electrons per unit cell constant at 3*00. Although on spacial 
grounds we should expect copper and nickel to behave in much the 
same way since they have almost the same atomic radius, they do not 
do so because copper carries one valence electron, while nickel is 
effectively zero-valent. Thus in the copper-nickel-aluminium system 
the loss of atoms in the ternary y 9 -phase field begins in alloys which 
have a maximum number of 3*0 electrons per unit cell, but since 
some of these electrons come from the copper atoms, the defects set 
in- at compositions with less than 50 atomic per cent, of aluminium. 

The Structure of Steel. Of all the alloys in use to-day, the 
steels form by far the largest and most important group. We may 
conveniently subdivide the steels into two main classes, the first 
embracing plain carbon steels, the essential constituents of which are 
iron and carbon. A number of minor constituents, namely silicon, 
manganese, sulphur, phosphorus and nickel are commonly present, 
which amount to approximately i per cent, and exert quite an appre- 
ciable effect upon the physical properties of the alloy. 

Alloy steels form the second class. In them, nickel, chromium, 
molybdenum and tungsten are present as major additions and confer 
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Atomic % Al. 

Fig. 131 (a). 

Contours of constant lattice spacing in the ^ Fe-Ni-Al phase- field. The contours are all above 
2-8 A, and are identified by the three figures succeeding this, except in the case when the value rises 
above 2-9 A, The broken line is that of electron/atom ratio = 1*50. 



Fig. 13 1 (A). 

Numbers of atoms per unit cell in the Cu-Ni-Al phase-field. Approximate contours of constant 
number of atoms per unit cell are shown. The broken line is that of electron/atom ratio = i* 5 ®* 

Fig. 1 3 1. — ^Lattice parameters of Fe-Ni-Al )8-phase alloys and numbers of atoms per unit cell 

in the ^ Cu-Ni-Al phase-field. 

(H, Lipson and A. Taylor, Proc, Roy, Soc,, 173 , 232, 1939.) 
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upon the finished alloy such properties as resistance to oxidation, or 
strength at high temperatures, etc. In a sense, the term steel applied 
to some ferrous alloys is a definite misnomer, for the presence of 
carbon can be definitely harmful and rigorous steps are taken to see 
that it is excluded. The permanent magnet alloys based on FegNiAl 
are quite often erroneously referred to as “magnet steels’" although 
their carbon content is almost zero. 

The iron-carbon equilibrium diagram shown in Fig. 132 gives the 
key to the metallography of steel. It is based almost entirely upon 
thermal and microscopic studies, but despite the vast number of 
intensive researches carried out during the last half-century, very 



Fig. 132. — The Iron-carbon equilibrium diagram. 


little is known about the system beyond 5 per cent, carbon. The 
classical X-ray work of Westgren and Phragmen on the structural 
changes in pure iron has paved the way to a deeper understanding 
of the crystallographic changes which take place during the various 
transformations that occur. 

At 1,494° C., a peritectic reaction takes place between body- 
centred cubic ( 5 -iron and liquid to form face-centred cubic austenite 
(y-phase) with a composition of 0-07 per cent, carbon. The austen- 
itic region is one of considerable extent, reaching as far across the 
diagram as the point E at 1 130° C. where a maximum of 1-7 per cent, 
of carbon by weight is held interstitially within the lattice, and as far 
down as 72 - 3 ° C. at the eutectoid point S at o-8o per cent, of carbon. 
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At the eutectoid, on slow cooling the austenite decomposes into 
a two-phase mixture of almost carbon-free body-centred cubic a-iron, 
ferrite, and cementite, FegC, which possesses a complicated ortho- 
rhombic structure. The two structures deposit side by side in fine 
lamellae to give a characteristic microstructure known as “pearlite” 
after the mother of pearl which it so strongly resembles when illum- 
inated by oblique illumination. Alloys in the range from o to 
o*8o per cent, carbon break up into a mixture of ferrite and austenite 
on being slowly cooled below the line GS. At 723° C., the austenite, 
which now has the composition o*8o per cent, carbon, immediately 
transforms into pearlite. The microstructure of a hypoeutectoid 
steel consists of an assemblage of ferrite grains set in a matrix of 
lamellar pearlite as shown in Fig. 133. 

Typical X-ray diffraction patterns from various steels, taken in 
a 9-cm. diameter Debye-Scherrer camera with Co Ka radiation are 
shown in Fig. 134 (see also Figs. 138 and 139). 

If the cooling through the critical range between GS and the 
eutectoid horizontal is carried out too quickly, the austenite, which 
cannot be retained even with quenching, may yet be prevented from 
decomposing into ferrite and cementite and made to form an inter- 
mediate, hard, brittle structure known as martensite. The highly 
dispersed microstructure given by martensite may be resolved under 
high powers into intersections of parallel straight lines as shown in 
Fig. 133 (^), which can be shown to be traces of the {m} planes 
of the original austenite. On tempering, martensite changes into 
ferrite plus cementite. The names troostite, sorbite and pearlite are 
given to this ferrite-cementite mixture according to the etching char- 
acteristics determined by the degree of fineness of the decomposition 
products. 

With varied rates of cooling and suitable reheating or “tempering’' 
temperatures, the ferrite and cementite constituents in the micro- 
structures can be made to aggregate in several different ways with 
marked alterations in the physical and mechanical properties of the 
steel. For a full account of these changes, the reader should consult 
a standard work, such as Practical Microscopical Metallography^ by 
Greaves and Wrighton. 

The Structure of Austenite. Austenite is often referred to 
as a solution of cementite in y-iron. This loose phraseology is 
definitely misleading, since it implies that the cementite retains its 
identity in the form of FeaC molecules within the austenite lattice. 
When the cementite dissolves in y-iron, an atomic rearrangement 
takes place such that all the iron atoms, whether derived from the 




W (b) 

Fig. 133. — (a) Pearlite -j- ferrite in 0-45 C steel, x loco. 

{b) Martensite X 2000. 

(From Greaves and Wrighton, Practical Mtcrctcopical Metallography^ 



Fig. 134. — {d) Austenite face-centred cubic y phase. Manganese steel rod composed of large 
grains, {b) Ferrite body-centred cubic a phase in I'O^/o C steel, (c) Cementite (Fe^C). 
{d) Ferrite and Cementite. Cf. Fig. 138. 

CoKa radiation. 9-cm. Diameter Camera. 



Fig. i38.—X-ray powder photographs (19-cm. camera, CoKa. radiation) of (a) pure annea le d 
iron; (d) Martensite, ro per cent, carbon; (c) Martensite heated at tto'’ C., showing 
precipitation of cementite Fe^C . ^ 

(H. P. Rooksby, Cantor Lectures^ Royal Society of Arts, 194.2.) 
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Fig. 139.— Powder photograms of Steel carbide phases. I-VI, Cr-K radiation ; 
VII-VIII, Fe-K radiation. 

(A, Westgren, American Inst, Min, Sf Met, Eng., Inst. Met. Div. B., 1931.) 
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cementite or the ferrite, now situate themselves on a face-centred 
lattice. The carbon atoms arrange themselves interstitially among 
the iron atoms but exactly where is difficult to determine by X-rays 
on account of the low scattering power of carbon. 

N, J. Fetch has recently carried out a new investigation of the 
austenite structure by means of the powder method. Employing a 
very accurate photometric technique, minute changes in the inten- 
sities of the spectrum lines were found which enabled the location 
of the carbon atoms to be effected with a reasonable degree of cer- 
tainty. They were found to lie at the centres of the unit cells and 
at the mid-points of the edges as illustrated in Fig. 135, these positions 
being the centres of the largest spaces between the iron atoms in the 
austenite structure. 

There is never enough carbon 
in solution for every one of these 
positions to be filled. At the 
most, only one possible position in 
twelve can be occupied, since the 
number of carbon atoms per unit 
cell varies from zero for pure iron 
to 0*32 for a 1*7 per cent, carbon 
steel. 

The austenite structure as deter- 
mined by Fetch now falls in line 
with the interstitial structures of 
TaC, CrN, etc., mentioned earlier, 
in which the small atoms occupy the 
centres of the octahedral spaces in 
the face-centred cubic metallic lattice. 

The Formation and Decomposition of Martensite. Many 
X-ray investigations have shown that the martensitic constituent 
of hardened carbon steels is a phase with a tetragonal crystal struc- 
ture which may be looked upon as a deformation of the body- 
centred cubic structure of a-iron. To retain the structure, it is 
necessary to quench the austenitic steel with a sufficiently high cooling 
rate. This leaves the nuclei of the newly formed martensite with 
insufficient time to coalesce into grains larger than 10”^ cm. with 
the consequential broadening of the X-ray reflexions which renders 
interpretation of the X-ray patterns very difficult unless a first-class 
experimental technique is employed. 

Frobably the most satisfactory investigations on the nature of 
martensite have been carried out by Kurdjumow and Kaminsky and 
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Fig. 135. — ^The crystal structure of 
austenite. 

(N. J. Fetch, y. Iron and Steel Inst^ 


AN INTRODUCTION TO X-RAY METALLOGRAPHY 


204 

by The latter employed a Seemann-Bohlin focusing 

camera constructed by G. Phragm^n which gave a much higher dis- 
persion than the ordinary Debye-Scherrer cameras. By employing 
Cr K radiation he was able to obtain a sufficiently high resolution of 
the spectra to enable him to compute the lattice dimensions of mar- 
tensite with varying carbon content. Ohman’s results, which are in 
complete accord with those of Kurdjumow and Kaminsky, are illus- 
trated in Fig. 136. The two curves giving the axial dimensions of 
the tetragonal unit cell as a function of carbon content converge to 
a point corresponding to the cell edge of the elementary cube of 



Fig. 136. — Lattice dimensions of the tetragonal martensite phase as functions 
of the carbon content. 

pure a-iron. This may be taken as conclusive evidence in favour of 
the belief that tetragonal martensite is a metastable super-saturated 
solution of carbon in a-iron, and we may therefore consider ferrite 
and martensite to be one and the same phase. 

Hagg has shown that when tetragonal martensite is annealed, its 
carbon content diminishes, causing a decrease in the lattice para- 
meters. According to this work, the cubic variety, ^-martensite, 
accepted by Honda, is more probably tetragonal martensite in which 
the deviation from cubic symmetry is not observable owing to its 
low carbon content and diffuse X-ray reflexions. 
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The position of the carbon atoms in martensite has been the 
subject of a considerable amount of work. The suggestion has been 
made that the carbon atoms are situated at random in the interstices 
between the iron atoms. Based on careful density measurements, 
Ohman has concluded that a complex substitution occurs, in which 
a group of two carbon atoms is substituted for one iron atom of the 
parent lattice. This view is not substantiated by the recent findings 
of Lipson and Parker These workers have shown that the 

iron atoms in the tetragonal lattice suffer small random displace- 
ments of about o.i8 A in the direction of the r-axis The octahedral 
interstices between the iron atoms are thereby sufficiently enlarged 
to accommodate the carbon atoms. 



Fig. 137. — ^Bain’s y-cc transformation in steel. 

Two adjacent unit cells of the face-centred cubic y-phase are shown with an alternative body-centred 
tetragonal unit cell heavily outlined. The a-phase is supposed to be formed by a compression along the 
tetragonal axis. The carbon atoms are not shown but would be present in interstitial solid solution. 


The mechanism of the y— >a transformation has been described 
in various ways. Bain has pointed out that the face-centred cubic 
structure might be considered as a body-centred tetragonal structure 
with the axial ratio 1-4145 as may be seen from Fig. 137. The trans- 
formation would then consist in changing this axial ratio from 1-414 
to unity by compressing the tetragonal axis. Though very simple 
to understand, it must be realized that it involves an enormous defor- 
mation of the face-centred cubic lattice. 

Kurdjumow and Sachs have shown how the transformation from 
y to a may be conceived to take place by a series of simple local dis- 
placements of the atoms which achieve the same final result as Bain’s 
method but which at the same time involve a much greater economy 
of movement. They considered tetragonal martensite to constitute 
an intermediate stage in the transformation. The a-iron crystallites 
as well as the martensitic needles were found to be oriented in a 
regular way in relation to the crystal planes of the original austenite. 
The (lOi) planes of ferrite or martensite were shown to form upon 
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the (i 1 1) planes of austenite in such a way that the [i i r] direction 
of the derived structure lay parallel to [loi] of the original austenite 
lattice, that is, the most closely packed planes and rows of the two 
lattices took the same orientation. These findings were later sub- 
stantiated by the microscopic work of Mehl, Barrett and Smith on 
the formation of the Widmannstatten structure in steel (page 294). 

In a detailed study of the austenite decomposition, A. B. Greninger 
and A. R. Troiano have found that in a 0-3 5 per cent, carbon steel, 
the martensite crystals are needle-shaped and these crystals form a 
plate-like array delineating the (i 1 1) planes of austenite. This agrees 
with the previous workers. On the other hand, the precipitation 
is much more complex at higher carbon contents. For carbon 
contents above 1*4 per cent., the habit may be described as parallel 
to {4 10 i8}y. At 1-4 per cent, carbon, there is an abrupt change 
and for lower carbon contents the martensite plates are approximately 
parallel to {4 4 io}y. In steel of near-eutectoid composition, the 
martensite crystals are lath-shaped and the long dimension of the lath 
is parallel to In the alloy steels they examined, martensite 

plates n&ver formed on a low indices plane of the decomposing 
austenite. Neither Bain’s transformation nor that of Kurdjumow 
and Sachs is considered sufl&ciently precise to explain these new facts. 

In Fig. 1 38 * are shown powder photographs of ferrite, martensite 
with I *0 per cent, carbon, and of the same martensite annealed at 3 50° C. 
showing the precipitation of cementite, FegC. The growth in crystal 
dimensions of the relieved ferrite lattice in {c) is shown by the remark- 
able sharpness of the end-doublets which are so broad as to be almost 
invisible in (^). 

The Structure of Cementite FesC. Recent work by Lipson 
and Fetch has verified the structure of FesC proposed by Westgren. 
The structure is orthorhombic, the dimensions of the unit cell being 

a = 4*5144 A 
h = 5*0787 A 
c = 6*72,97 A. 

These workers noticed that annealing cementite at 600® C. or 
higher always resulted in partial decomposition mostly into ferrite, 
but sometimes into mother structure which was probably FcaC. The 
existence of FesC, which has been the subject of a great deal of con- 
troversy, must therefore still be regarded as an open question, and 
much more work is required to clarify this region of the iron carbon 
diagram. 


* Figs. 138, 139 face page 203. 
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In order to obtain carbide samples in sufficient concentration from 
ierrous alloys, Westgren uses a method of partial dissolution in 
acids, and thereby retains the larger proportion of the less soluble 
carbides. Some of Westgren’s Seemann-Bohlin powder diagrams of 
carbide powders isolated from certain steels are given in Fig. 139. 

A comparison of these photographs with patterns of known 
carbides, also shown in Fig. 139,* made it possible to determine the 
exact character of the carbide phases present in the steels. For 
example, the carbide of a ball-bearing steel containing !• i per cent. C, 
1*9 per cent. Cr, is cementite. From the displacement of the high 
order lines, it could be inferred that the iron atoms had been partly 
substituted by chromium atoms. 

The carbide phase of the stainless steel with 13 per cent. Cr, 
0*4 per cent. C consists of a cubic chromium carbide, Cr4C, in which 
approximately one-third of the chromium atoms have been replaced 
by iron. It was also proved that a steel containing about ii per 
cent. Cr, i-2 per cent. Ni and 2*4 per cent. C contained a rhombo- 
hedral carbide Cr,C3 in which more than one-half the chromium 
content was replaced by iron. The residue method used on a high- 
speed steel gave the same photograph as an iron-tungsten-carbon 
alloy, the composition of which corresponds closely to the formula 
Fe^W^C. 

This residue method of Westgren should prove of inestimable 
value for artificially concentrating the amounts of phases which 
normally can only be obtained in minute quantities. It has the 
advantage of producing the substance in a form admirably suited to 
the technique of powder photography, and, according to Westgren, 
it can be applied with success to alloys other than steel. 



CHAPTER IX 


THE MEASUREMENT OF GRAIN SIZE 

The Importance of Grain Size.* Single crystals of metals, 
being anisotropic, behave quite differently from polycrystalline 
aggregates. They are extraordinarily weak and plastic, suffering 
permanent distortion under the influence of relatively minute shearing 
forces. Deformation takes place by whole sections or “glide lamellae” 
of the crystal slipping en masse along certain crystallographic planes 
in preferred lattice directions, a process often referred to as “block 
slip”. In a single crystal of copper, a favourably oriented stress of 
as little as 1 50 grams/ mm.® is sufficient to cause permanent set. Once 
the crystal has been extended in tension by 50 per cent., its mechanical 
strength is found to have increased almost fifty-fold owing to the strain 
hardening effects set up within the crystal lattice. The hardening 
influence of impurities and of alloying constituents is also very marked. 
For example, single crystals of impure cadmium containing o-ii per 
cent, lead and 0-03 per cent, zinc have double the critical shear stress 
of the spectroscopically pure variety. 

In a polycrystalline metal, some crystals will be oriented in a 
direction favourable to the inception of slip, since for them the direc- 
tion of the maximum resolved shear stress upon the block will be in 
a lattice direction of “easy glide”. However, the glide processes 
are considerably hampered by less favourably oriented neighbours 
which function as constraints upon the edges of the glide lamellae. 
As the bulk of metal is deformed as, for example, by rolling or 
drawing, the crystals gradually move into preferred directions, in the 
process of which they receive a certain amount of permanent dis- 
tortion in the form of lattice curvature, or as fragmentation into still 
smaller crystals. In addition, the orientation texture set up by the 
deformation process gives the • material a marked anisotropy in its 
physical and mechanical properties. 

The physical and mechanical properties, then, clearly depend on 
a number of factors. If for the moment we restrict ourselves to 
homogeneous single-phase material of prescribed composition, we 
shall avoid the complications caused by the presence and manner 
of distribution of a second constituent. Assuming the material to 

• In this chapter, the terms “grain size” and “crystal size” have the same general 
meaning. A crystallite is a very small crystal. 
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have been freed from residual stresses by a suitable annealing process, 
the two most important factors which control the working properties 
are grain size and grain orientation. These two factors go hand in 
hand, but for the purpose of discussion it will be more convenient 
to treat them as quite separate entities. 

As the grain size diminishes, there is a corresponding increase 
in tensile strength as exemplified by the work of Edwards and Pfeil 
on pure iron. Their results are reproduced in Table XI 1. 


TABLE XII 


The Effect of Grain Size on the Ultimate Tensile Strength of Pure Iron 


Grain Size 
(Grains per sq. mm.) 
Single crj-^stal 
0-15 . 

0-4 . 

6*3 . 

15-3 . 

35-6 . 

48-8 . 

51 

75 

92 

130 

194 


Ultimate Tensile Strength 
(Tons per sq. inch) 
ro 

11*70 

13*66 

15*03 

16*33 

17*05 

17*10 

17*37 

18*73 

17*97 

18*56' 

18*69 


We also obtain a parallel increase in the hardness of the metal, 
which the results of Ishigaki given in Table XIII reveal. This 
parallelism is not surprising, for the tensile test and the standard 
methods of measxiring hardness in terms of resistance to indentation 
refer to indefinable properties based on the work-hardening char- 
acteristics of the aggregate material. 


TABLE XIII 

The Effect of Grain Size on the Brinell Hardness of Pure Iron 


Grain Size 
(Grains per sq. mm.) 
Single crystal 




Brinell P 

. . 65 

0*5 




70 

2*5 




77 

33 




. 86 

III 




. 90 

641 




. 93 

1,245 




98 

1,855 




. . too 


Grain size exerts a considerable influence upon the texture of 
cold-rolled steel during the earlier stages of the rolling treatment, 
for the smaller the initial crystals, the less cold work is required to 
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produce a '‘fibred” structure. According to J. D. Jevons/®^^ the deep 
drawing and pressing properties of sheet in a given metal are deter- 
mined primarily by crystal size. An increase in grain size causes 
an increase in ductility, a decrease in yield stress, hardness and rate of 
work hardening, but it also causes an increase in the roughness of 
the surface of the finished pressing. The converse holds equally true. 

Grain size is dependent on the composition and on the thermal 
and mechanical histories of the metal. In slowly cooled billets, the 
individual grains may be so large as to be readily distinguished with 
the naked eye, whereas in heat-treated steels, they may be so small 
as to elude resolution by a powerful microscope. 

The Measurement of Grain Size — Optical Methods. 
Before we attempt to study X-ray methods of measuring crystal sizes, 
it will be necessary as a basis of comparison to review some of the 
more important standard metallurgical methods. It has long been 
known that excessive brittleness in a hardened piece of steel is accom- 
panied by a fracture, which, to the naked eye, reveals the facets of 
coarse crystals, while an equally hardened piece exhibiting great 
toughness reveals a fracture which is fine and silky. The micro- 
scopical methods of grain size measurement are more refined. A 
polished and etched specimen of the metal reveals, under the micro- 
scope, a boundary network outlining the crystal grains. The pattern 
is usually compared, under standard conditions, with a series of 
graded standardized networks which may consist of typical photo- 
micrographs or idealized patterns. The microscope, in effect, sub- 
stitutes a grain size based on grain cross-section for one expressive of 
grain volume. 

In a polished section we observe a plane taken at random through 
an assemblage of solid crystals. Such a plane will reveal a network 
consisting of sections of grains ranging in size from zero up to the 
maximum cross-sectional area of any grain in that plane. We thus 
obtain a range of areas even when all the grain volumes are, in reality, 
substantially equal. Unless great care is taken in the appraisal of 
the apparent grain sizes seen in the plane of section, the tendency 
will be to infer the presence of a larger proportion of smaller sizes 
than is actually the case. The actual grain size will, in general, be 
much more uniform than the grain areas observed, a fact which has 
been verified by disintegrating specimens of brass and stainless steel 
by in ter crystalline corrosion. 

Grain size with reference to a plane section through the poly- 
crystalline aggregate is reported in a number of ways, the more 
common methods being 
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(^a) Mean diameter of grain in millimetres by an intercept method. 

{F) Number of grains per square millimetre. 

(c) Average area of grains in square millimetres. 

(J) J.K.M, “leading’’ grain size classification. 

(<?) Arbitrary numbers based upon an exponential formula 
adopted by the American Society for Testing Materials. 

The mean grain diameter is a figure not easily arrived at and is 
in any case much less informative than a scheme based upon the 
number of grains per unit area, such as, for example, the A.S.T.M. 
standards. Its use is therefore to be discouraged. 

Berglund, Hultgren and Phragmen use a standard grain size 
series known in Sweden as the J.K.M. grain classification. This is 
defined on the basis of a grain section area, where the terms form a 
geometric series with common ratio 2, as shown below: 

J.K.M. Grain Class No. 0123456 7 8 

Grain Section area ^2^ i 2 4 8 16 32 64 128 256 

9 10 II 12 13 — 

512 1024 2048 4096 8192... 

Using the J.K.M. classification as a basis, they then examine a 
given microsection and plot a statistical curve, the total of grains within 
a given class number as ordinate, plotted against the class number as 
abscissa. For ordinary structures such distribution curves have a 
distinct maximum at a certain J.K.M. grain size which is termed the 
“leading grain size”. This is considered to be more characteristic 
of the structure than a simple average grain size, since it approximates 
more closely to the larger grains present, which are believed to be of 
greater importance for the usefulness of the material. Furthermore, 
the determination of the leading grain size of a structure is not subject 
to error from neglecting the smallest grains. 

A series of standard J.K.M. grain-size charts has been established 
on the basis of an actual microstructure, each member of the series 
having a leading grain size conforming to one of the J.K.M. grain 
classes at a magnification of 100 X. The microstructure of the 
specimen under examination is projected up to 100 X upon a screen, 
and compared directly with the various J.K.M. grain-size charts until 
a match is obtained with a chart bearing the required leading grain- 
size number. 

The A.S.T.M. adopt a somewhat similar procedure based upon 
the formula 

where n is the number of grains per square mcA when viewed at a 
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magnification of i oo X , and N is the grain-size number, A series 
of standard charts based upon a real structure at loo X is compared 
directly with the microstructure, thereby yielding the A.S.T.M. grain- 
size index without the need for further calculation. 

Practically all American specifications and reports of grain size 
are referred to the A.S.T.M. index numbers. Two sets of charts 
have been constructed. One set has been developed for use in con- 
junction with the McQuaid-Ehn test for determining the austenitic 
grain size of steel, a factor which exerts a considerable influence upon 
the mechanical properties of the metal. A second set of charts, 
giving the mean diameter of grains, has been constructed for use 



Fig. 14 1. — Comparison of A.S.T.M. grain-size numbers with the corresponding fracture rating 
for a range of austenitic grain size. Note close agreement in numbers. 

(E, C. Bain, yourn. Iron and Steel Inst.^ 1938.) 

mainly with non-ferrous materials. Both types of chart, reproduced 
from the American specifications, are given in Fig. 140 (a) and (F).* 
It will be seen that the orientations of the grains in the charts are 
perfectly random, that is, the grains are “equiaxed”. The micro- 
sections represent ideal types, and any marked deviations from them 
must be considered abnormal. Thus the elongation of grains pro- 
duced by rolling or drawing is not covered by the charts, nor is the 
presence of abnormal clusters of small or large grains taken into con- 
sideration. These factors must be taken into account in appraising 
the mechanical properties of the material, for elongated grains will 

* Figs 140 (a) and (F) will be found in the pocket inside the back cover of 
this book. 
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tend to make the metal anisotropic, while clusters of small grains may 
seriously reduce its ductility. 

Fracture grain size can be estimated with a remarkably high 
degree of accuracy with the naked eye. A ten-step standard scale of 
fracture grain size has been adopted in Sweden by Jemkontoret, and 
a similar set of standards has been developed by Shepherd in America. 
McQuaid and Ehn found that the austenitic grain-size designations 
I to 8 inclusive were almost identical with the fracture numbers as 
applied to correspondingly quenched steels. The exactness of the 
correlation taken from a paper by Bain is strikingly brought out 
in Fig. 141. 

As it is valuable to have a numerical comparison of various methods 
of grain-size determination. Table XIV, originally obtained by 
Rutherford, Aborn and Bain,*®‘^ is included. Its derivation requires 
some explanation. From theoretical considerations, supported by 
much experimental observation, the most probable shape of a grain 



Fig. J 42 . — Parallelehedra of Von Fedorow. The six regular solids, repetition of which will 
fill all space. Cube, hexagonal prism, rhombic dodecahedron, elongated dodecahedron, 
tetrakaidekahedron. 

in an equi^ed polycrystalline aggregate is the 14-faced solid figure, 
the tetrakaidekahedron. This' figure is outlined by the forms {i i r } 
and {100} of a cube, and represents one of the five regular solids, 
any of which with mere duplication can completely fill space, the 
others being the 6-sided cube, the 8-sided hexagonal prism, the 12- 
sided rhombic dodecahedron and the 12-sided elongated dodeca- 
hedron, illustrated in Fig. 142. 

The metal is supposed to be made up of tetrakaidekahedra, and 
all grain sectional areas, surface areas and grain volumes in Table XIV 
are computed upon this basis. 

X-ray Determinatioii of Grain Size in the Microscopic 
Range. Visual Estimation Method. In X-ray work of this 
nature, it is most convenient, though not absolutely essential, to work 
with filtered Ka radiation emitted by a suitable target. This means 
that we have present a strong Ka component superimposed upon a 
relatively weak background of white radiation. When such a beam 
falls upon a large stationary single crystal, the white radiation will give 
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TABLE 

Ideal Relation between Grain Size and Average Number, Diameter, Cross- 

calculated on Basis of the 14-Faced 


I 

II 

III 

IV 

V 

A.S.T.M. 

Mean Number of 

Mean Area of Cross 

-Section of a Grain. 

Diameter of Cross- 

Grain-Size 

Grains per sq. in. 



Section of Equivalent 

Number 

as viewed at 100 X 

As viewed at 100 X 

True Size 

Spherical Grain, mm. 



sq. in. 

sq. mm. 


N 

« = 2N-1 

A'=ijn 

A =o*o6^$A' 

d 

— I 

0*25 

4 

0*258 

0*574 

0 

0*5 

2 

0*129 

0*406 

I 

I 

I 

0*0645 

0*287 

2 

2 

0*5 

0*0323 

0*203 

3 

4 

0-25 

o*oi6i 

0*144 

4 

8 

0*125 

0*00806 

0*101 

5 

16 

0*0625 

0*00403 

0*0718 

6 

32 

0*0313 

0*00202 

0*0507 

7 

64 

0*0156 

0*00101 

0*0359 

8 

128 

0*0078 

0*000504 

0*0254 

9 

256 

0*0039 

0*000252 

0*0179 

10 

512 

0*0020 

0*000126 

0*0127 

II 

1,024 

0*0010 

0*000063 

0*0090 


Notes to 


Column IV, In German usage, this area is expressed in terms of/^% where^ = o*ooi mm.; 
to transform to German units, the numbers given in this column have to be multiplied 
by 1,000,000. 

Column V, d= j^= /l_ This column is in terms of the units 

V ^ V ^ 

commonly used for non-ferrous metals. 


rise to a pattern of Laue spots, but the monochromatic component 
will not be reflected unless the Bragg condition is satisfied by one or 
other sets of lattice planes within the crystal. If we now imagine 
the single crystal to be replaced by a cluster of much smaller randomly 
oriented crystals, each little crystal will give rise to its own Laue 
pattern, and according to the laws of probability a few will be oriented 
in a position to reflect the monochromatic component. We therefore 
obtain a set of broken, spotty Debye-Scherrer rings superimposed 
upon a confused background of discrete Laue spots. Finally, when 
the crystals become small enough, we reach a stage in which the 
background becomes continuous and the spots on the Debye-Scherrer 
circles merge into each other to produce perfectly smooth, continuous 
diffraction haloes. This stage is reached when the crystal si2;e 
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XIV 

Sectional Area of Grains, and Total Interfacial Area (Columns are 

Solid of Minimum Surface Area). 


1 VI 

) 

! 


VII 

VIII 

IX 

Mean number of Grains per 

i ' 

: ^lean Total Interfacial Area 

cu. in. 
m' 


cu. mm. 

m 

1 sq. in, per 

1 cubic incli 

I 

sq. mm. per 
cubic mm. 

S 

i 92,100 

; 

5*6 

! 125 

4*7 

261,000 


15*9 , 

170 

6*7 I 

739,000 



24c 

9*5 ! 

2,090,000 

1 

128 j 

340 

13*4 ‘ 

5,910,000 


360 

480 

18-9 

16,700,000 


r,020 < 

679 

26*7 

47,300,000 


2,880 ! 

961 

37-8 

134,000,000 


8,160 i 

1,360 

5 3*4 

378,000,000 


23,000 1 

1,920 

75-6 ! 

1,070,000,000 


65,300 ; 

2,720 

107 1 

3,030,000,000 


1 84,000 i 

3,840 

I5I 

8,560,000,000 


522,000 ^ 

5.+30 

214 

24,200,000,000 


1,470,000 

7,690 

302 


Table: 

Column VI, m* = where / is length in inches of edge of any of the 14 faces; the 

volume of the solid is 8 a/ 2/^. Its maximum cross-section area is 7/2 or — — when 

10 , 000 ;?? 

expressed in sq. in.; its surface area is 1\6 12^/3). 


becomes of the order of 10“^ cm. An excellent example of this pro- 
gressive change is given by H. P. Rooksby for powdered quartz, 
but precisely the same type of sequence will apply to metal in sheet 
or powder form (Fig, 143). 

When an attempt is made to put the grain-size measurement upon 
an exact, quantitative basis, certain precautions must be observed if 
the results are to have any real meaning. In the first place, if sheet 
is being examined, it is necessary for the grains to be equiaxed and 
not preferentially oriented in a given direction, so that the discrete 
spots do not overlap in favoured portions of the Debye-Scherrer rings. 
Secondly, it is important to realize that if transmission photographs 
are taken, the section on which the X-ray sizes are to be referred is not 
necessarily the plane of the specimen. This is brought out in 
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Fig, 1445 from which it is clear that any comparisons of grain size 
made by microscopic methods must be referred to the section AB, 
and not to the section CD. 

With these points in mind, it is possible to build up a picture 
gallery of transmission and back reflexion photographs from a series 
of carefully annealed standard specimens graded according to the 
A.S.T.M. or J.K.M. charts and these may be used for direct visual 
comparison with the test samples photographed under identical con- 
ditions of camera and specimen geometry and of exposure period. 
Once this set of standards has been established, it is a relatively 
simple matter to establish the grain size index of the test piece. 
Care must be taken to have a sufficiently large pinhole system 



Fig. 144. — Distinction between plane of section AB viewed under the microscope and plane of 
X-ray reflexion CD to which X-ray grain-size measurement must be referred. 

in the camera to enable an adequate number of grains to be 
irradiated. 

One of the advantages of the X-ray method lies in not having to 
prepare a highly polished surface of the specimen. The microscope 
will detect only the grain boundary envelopes of the individual grains. 
Unlike the X-ray method, it will reveal nothing about the internal 
stresses which may still be present in the crystal lattice, nor will it 
reveal any fragmentation of the individual crystal grains into still 
smaller crystallites. In the latter case, the grain size observed by the 
microscope would be several times larger than the true value portrayed 
by the X-ray method. 

Method Employing the Measurement of Spot Dimensions. 
Instead of taking the appearance of the diffraction pattern as a basis 
of visual comparison, we may note that as the crystal grains get larger, 
the sizes and the intensities of the individual spots also increase. 





Fig, 146. — {b) Transmission patterns from two steels with different rolling and heat treatments. 
Note the similarity between the back reflexion patterns while the transmission patterns 
reveal difierences of texture in the interior. 

{Courtesy, 'Philips Industrial) 
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Each crystal acts like a little mirror which reflects the X-ray beam 
diverging from the target on to the photographic film. The shape 
and size of the recorded spots will be a function of the dimensions of 
the reflecting crystal, the divergence of the X-ray beam and the angle 
at which the reflected beam strikes the film. The researches of 
Bass have revealed a strictly linear relation between the micro- 
scopically measured diameters of grains in the lo-ioo// range with 
the vertical diameters of the X-ray reflexions measured by the aid 
of a scale under a magnification of 10 X . The work has been con 



Series A. a-brass. . Series B. a-brass, * Series C. a-brass. 

• Small Camera. 0 Small Camera, © Steel. 

X Large Camera. V Large Camera, 

Fig. 145. — Graphical correlation between image lengths of X-ray di&acdon interferences and- 
average grain diameters in microscopic range. 

(After Clark and Zimmer.) 


siderably extended by Clark and Zimmer using brass samples from 
which the standard A.S.T.M. non-ferrous photomicrographs were 
prepared. They obtained the straight-line plot of Fig. 145. The 
relationship must be universal, for they found that the results of two 
other series of brass samples, steel, carborundum, silica, etc., all lay 
on the same curve. It will be noted that it is immaterial whether a 
large or a small camera is used, provided that each is properly cali- 
brated with a set of A.S.T.M. standards. 

Although Clark and Zimmer have used the “mean grain diameter” 
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as a standard of reference, the results could have been expressed 
equally well in terms of leading grain size or in terms of A.S.T.M. 
index number. 

The method of measuring the sizes of the spots is admirably 
suited to the investigation of powder compacts for it does not depend 
upon the packing density of the material, a factor which must be 
taken into account in any method based on visual appraisal of the 
pattern as a whole. It is particularly useful in this instance, for the 
individual fragments of a powdered metal consist, more frequently 
than not, of a polycrystalline aggregate of still smaller grains which 
only very prolonged heat treatment can unify into a single grain. 
In these cases, microscope methods are very difficult, for the powder 
must be mounted in a plastic and very carefully polished and etched 
before a trustworthy photomicrograph can be obtained. Once the 
camera has been standardized. X-ray methods immediately give a 
reliable and simple means of estimating the true grain size as distinct 
from the dimensions of the minute polycrystalline masses obtained by 
sieving or by direct measurement with the microscope. 

A few experimental points in connexion with the above methods 
of measurement may now be mentioned. In the first place, it is 
desirable to use a pinhole system which is large enough to get a repre- 
sentative number of grains irradiated, but which is still small enough to 
avoid that excessive divergence of the X-ray beam which leads to ill- 
defined Debye-Scherrer circles and badly resolved spots. A pinhole 
diameter of 0*75 to i-o mm. proves to be quite satisfactory for most 
purposes. The specimen-film distance for back-reflexion work and 
transmission work need seldom be greater than 5*0 cm. when using 
the Ka radiation from Fe, Co, Ni or Cu targets, as these give ample 
resolution for most purposes. If the specimens are highly absorptive, 
it may be necessary to go over to a hard radiation such as Ag or 
Mo Ka for transmission work on sheet in order to bring the exposure 
time down to reasonable limits. To offset the much smaller angles 
of diffraction in the lower orders which results from the use of Ag or 
Mo radiation, the film-specimen distance may be increased to 10 cm. 
or more without unduly increasing the exposure time. 

When examining a specimen, it is most important to use trans- 
mission methods conjointly with the back-reflexion technique, for the 
former yields information concerning the internal state of the metal, 
while the latter only gives the condition of the irradiated surface to a 
depth of a few thousand atoms. As an example, we illustrate two 
samples of steel examined by transmission and back-reflexion methods, 
in Fig. 146. While the condition of the surfaces of both samples are 
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substantially the same, the interiors exhibit marked differences in 
texture initiated by different methods of preparation. 

If the specimen is in the form of a block, the transmission tech- 
nique is of course quite impracticable. Resort must then be made to 
etching away successive layers of the surface or to facing it up on a 
lathe, taking back-reflexion photographs at convenient stages. The 
use of a diamond cutting tool to take off the bulk of the surface layers 
before finally etching is recommended, as it cleaves through the 
material without appreciably distorting the layers of metal below. 
Care must be taken to avoid undue heating, as this may have profound 
effects upon the texture of the metal. 

Methods Dependent on Counting Reflexion Spots. In a 
specimen consisting of a large number of randomly oriented crystals 



Fig. 147. — Illustrating how excessive divergence of incident beam produces two reflexions from 

one small crystal. Not to scale. 

irradiated by a fine pencil of monochromatic X-rays, there will always 
be a definite fraction oriented to give a particular hkl reflexion in 
accordance with the Bragg Law. In general, each crystal will give 
rise to one spot upon the film, either from an ai or an a* reflexion. 
It is possible to record the a-doublet simultaneously from one grain 
if the divergence of the primary beam is large enough, as shown in 
Fig. 147. By using a small sharp focus in the tube and small pin- 
holes in a long slit system, the divergence can be cut down and the 
difficulty overcome. Diffracted beams incident at large angles to flat 
film record two spots out of alignment, since both sides of the film are 
coated with emulsion and due allowance must be made for this effect. 

By counting the number of spots upon a Debye-Scherrer ring, 
we determine the number of grains oriented in a position to give the 
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particular M/ reflexion. Following the lines of Chapter VI, we find 
that if there are v crystals in the beam, the total number of spots 
recorded in the halo must be equal to 2" = cos Odd where p is 
the number of planes with the form {hkt) and ^ cos 6 ,dd is the prob- 
ability that a particular crystal will reflect, dd being the divergence 
of the beam calculated from the dimensions of the slit system and its 
distance from the specimen. Since p^ cos d and dd are all known, it 
should be possible, in principle at least, to calculate back from the 
number of observed spots T, and obtain the total number of crystals 
in an irradiated volume of metal and hence the volume ^ of a single 
grain. In practice it is not as* simple as this, for various difficulties 
arise owing to the finite size of tube focus and the dimensions of the 
slit system. 

H. S. Schdanow used specimens of thin slips of copper and took 
transmission pictures. With a known cross-section of beam, the 
irradiated volume F of metal is known and v can thereby be deter- 
mined. The method is theoretically sound but has its drawbacks in 
being limited to thin slips of metal. As monochromatic radiation 
must be employed, the exposure times tend to be rather long. R. A. 
Stephen and R. J. Barnes make use of the same principle, employing 
instead the back reflexion method which is more suitable for examining 
the usual types of massive specimen encountered in practice, with 
the added advantage of requiring very much shorter exposure 
periods lasting only a few minutes. 

The number of spots on a Debye-Scherrer ring is given by the 
expression 

2" = ^vp cos d, do 
F 

and since the volume v oi i grain will be -, it follows that 



Assuming that the grains are roughly cubic in shape, the mean length 
of the grain edge G is given by 


® fFp cos O.dO 

V or 


The irradiated volume F cannot be known directly as it depends on 
the maximum depth d to which the X-ray beam can penetrate and 
then re-emerge from the surface to produce a visible record on the 
film. Stephen and Barnes overcome this difficulty in a most in- 
genious way by taking two exposures, the first one being so short 
that only the surface crystals with the strongest reflexions produce 
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spots of medium blackening B. The photograph is then repeated 
with a much longer exposure time which enables crystals in the 
interior of the specimen to record their reflexions. The two photo- 
graphs are then compared and the number of spots having an intensity 
greater than B in the second photograph is counted. This number 
bears a definite relation to the exposure periods, and to the effective 
depth of penetration, from which the irradiated volume, and 
hence the mean grain size, (P, is derived. 

As an alternative to the double exposure method, Stephen and 
Barnes employ an empirical relationship between the numbers of spots 
on photographs taken under standard conditions and the grain sizes 
for a given series of standard specimens. They express this relation- 
ship in the form of a graph from which the grain size of an unknown 
specimen can be read after observing the number of spots on a photo- 
graph taken under these standard conditions. Graphs relating the 
total number of observable spots to grain size for a series of aluminium 
specimens are given in Fig. 148. The 331 reflexion given by Co Ka 
radiation emitted by a sharp focus Philips Metalix tube was observed. 
Curve (i) shows the number of spots plotted against crystal size 
determined by the microscope while in curve (2) it is plotted against 
the ciy^stal size determined by X-rays. The method is not very 
sensitive for grain sizes much larger than 5.10“® cm. but in the useful 
region down to 10""^ cm. results to within 10 per cent, are claimed. 

It will again be noticed that the results are given in terms of 
crystal diameter. It would have been preferable to have given them 
in terms of crystals per square millimetre or as A.S.T.M. ratings. 
Nevertheless the above methods show great promise and the technique, 
though still in its early stages of development,, is capable of yielding 
results with an acceptable degree of accuracy. 

Effect of Twinning. When a metal is strained, slip processes 
may take place in the lattice and produce a slight reshuffle of the atoms 
(Chapter X). What were formerly single crystals now become two 
(or more) with quite different orientations, the lattice of one having 
a definite symmetry orientation with respect to the other. Such 
“twins’" must be regarded as separate grains as far as X-ray investiga- 
tion is concerned, for in taking a Debye-Scherrer photograph each 
twin will record its reflexion spot in an entirely different region of the 
diffraction ring. In other words, a metal which is heavily twinned 
behaves, radiographically, as if it were composed of much smaller 
grains. 

An examination of the A.S.T.M. charts for non-ferrous materials 
(brass) reveals black streaks running across the individual grains. 
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Each Streak is the trace of a twin whose presence in the original grain 
is exposed by its different etching characteristics on the plane of section. 
In the A.S.T.M. specifications, the twins are not considered as separate 
entities, but are counted as part of the original grain from which they 
are generated. This is quite wrong from a strictly crystallographic 
point of view and the application of an X-ray method based on 



Fig. 148. — Chart relating number of observable diffraction spots with grain size. 
(R. A. Stephen and R. J. Barnes, yourn. Inst, of Metals^ 60 , 285, 1937.) 


counting the number of X-ray reflexions will inevitably give a grain 
size much smaller than the standard A.S.T.M. rating. Due emphasis 
must be laid on this fact when correlating grain-size measurements 
with mechanical properties.^ 

Grain Sizes in the Region of 10“^ cm. When the indi- 
vidual unstrained crystals become smaller than io“® cm. in cross- 
section, so many of them are now irradiated by the X-ray beam that 
the Debye-Scherrer rings produced by a stationary specimen cease 
to show perfectly isolated clear-cut reflexion spots. By calibrating 
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for known grain sizes, it can be shown that the coalescence of the spots 
into perfectly sharp, continuous rings actually requires the dimensions 
to be of the order of 10“^ cm. The continuity of the diffraction circles 
is therefore an indication that the crystal size is of the order of cm. 

Clark has shown that it is essential for the crystal grains to be 
uniform in size since the presence of large crystals will produce 
individual sharp interferences superimposed on the smooth diffraction 
circles arising from the smaller grains. The bigger the crystals, the 
more prominent will be their reflexion spots, for, as we have shown 
in Chapter VI, the intensity of reflexion is proportional to the volume 
of the reflecting unit. There is a marked tendency for the observer 
to lay undue emphasis on the prominent reflexion spots from the large 
crystals, and unless great care is taken, the mistake will be made of 
assigning too large a grain size to the polycrystalline aggregate. 

The Measurement of Grain Size below 10 “^ cm. When 
the crystal grains, or “crystallites”, are less than io~^ cm. in size, the 
lines of the powder photograph begin to grow diffuse. This is an effect 
identical to the imperfect resolution of the spectral lines by an optical 
grating which has an insufficient number of rulings. From the 
breadth of the lines, we can form a good estimate of the average 
thickness of each crystal grain. The breadth of a line may be con- 
veniently defined as the angular width in radians at a point where the 
intensity has fallen to half its maximum value, as illustrated in Fig. 
1 49 (d). A much better method, which takes into account the width 
at the base of the line, is to obtain the Laue integral breadth by 
dividing the area under the peak by the maximum height of the line 
and converting the result into radian measure. 

With crystals larger than 10“^ cm. the lines are perfectly sharp 
and each will have an individual half-peak width b which will depend 
only on the geometry of the experimental arrangements, the size of 
the focal spot, the absorption by the specimen, and the angle at which 
the reflexion occurs. Let us consider a line from a cylindrical 
specimen in a cylindrical Debye-Scherrer camera, which has increased 
in half-peak width from b corresponding to “particles of infinite size”, 
i.e. larger than 10“^ cm. to a new value B when the crystallite size 
has fallen below lo'"^ cm. P. Scherrer^‘^^ has shown that if ^ is 
the extent of the angular broadening which we derive from B and 
the crystal dimension e normal to the reflecting planes is given by 
an expression of the form 

e cos 6 

where 6 is the Bragg angle, A the wavelength of the radiation employed 
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and K IS ^ constant. Laue has extended this equation to cover 
crystals with non-cubic lattices having any arbitrary shape. Different 
methods of arriving at equation (i) lead to slightly different values 
of the constant K, This has been discussed by Jones,^*^®^ and by 
Pattersonj who also considers the effect on K of crystallite shape. 
For most purposes it is sufficiently accurate to take K = i and to 
define the ‘‘apparent crystallite size” by the formula 

P T • 

fi cos B 

Scherrer gives the following simple definition of the line 
broadening : 

P = B-b . . . . (3) 

This definition is much too simple. If we consider each element 
of the sharp line b to broaden out according to an exponential law 
as shown in Fig. 149 the broadened elements build up the 
broadened reflexion with the new integral width B, B. E. Warren, 
and A. Taylor have shown that the relation is really 

/S = Vb^ — . . . . (4) 

A still more satisfactory expression which makes some allowance for 
the crystallite size distribution is the geometric mean of the values in 
equations (3) and (4), namely 

{{B- b)VB^ - . . . (5) 

but the experimental accuracy seldom exceeds 10 per cent, and leaves 
little to choose between expressions (4) and (5). 

The determination of the crystal size from the broadened line 
proceeds in four steps : 

(a) The evaluation of b which an unbroadened line would have 
if it were in the position of the maximum of the broadened 
reflexion. 
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(^) The direct measurement of 5 , the total integral half-peak 
width from the broadened reflexion. 

(c) The calculation of the amount of line broadening p from B 

and b using equation (4) or (5) or a simplified modification 
of the Jones graphical method described below. 

(d) The calculation of the apparent crystallite dimension from p. 

Jones has adopted a mixture method which enables the particle 
size determination to be made by using standard cylindrical Debye- 
Scherrer cameras described in Chapter V. A suitable powder con- 
sisting of large particles, considered infinitely big, is mixed with the 
substance to be investigated. The Debye-Scherrer photograph then 
reveals the sharp lines from the large crystallites and the diffuse bands 
from the material under investigation. Both sets of lines have in 
this manner been taken under exactly the same conditions. From 
the set of sharp lines it is possible to interpolate the widths b of lines 
which would have been produced by infinitely large particles at the 
positions of the peaks of the diffuse lines. 

B b 

A graph relating the ratio to is drawn. After B is found 

B B 

from the photometry, b/B is calculated and the graph used to evaluate 

The true diffraction broadening is then easily obtained as 
B 

^ = (|).i> . . . ■ w 


Equations (3) and (4) may be re-written as the line 


and the circle 


l-ul- 
B'^ B 



These are drawn in Fig. 150. 


o 

The values of corresponding to 
£> 


equation (5) can then be obtained by taking the root mean of the 
ordinates of the circle and the line at the experimentally determined 
value of b/ 5 , from which p can be found as in equation (6). 

When B is large, we may, for purposes of rough comparison, 
neglect the value of b altogether and simply write p = B- Taylor 
has found that for crystallite sizes up to 30 A the 9-cm, Debye- 
Scherrer camera with a -l-mm. diameter specimen is most satisfactory, 
while for larger grain sizes it is preferable to go over to the 19-cm, 
diameter camera. 
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Scherrer, Haley and Terry, and Jones have studied the crystal- 
lite size of colloidal gold. The mean crystallite dimensions normal 
to the (111)5 (2-00), (220) and (311) planes for a particular sample 
were found by Jones to be 315, 212, 232 and 229 A respectively. 
Westgren, Wever, Seljakow, and Clark have measured the grain size 
of martensite in steel. Their measurements lie in the range 
I — 20 X 10*“® cm. Determination of the crystallite sizes of 
catalysts is also specially valuable. Clark and Aborn have shown 

that the activity of plati- 
num catalysts does not 
continue to increase with 
diminishing crystal size, 
but reaches an optimum 
value. 

Amorph o us 
Materials. The atoms 
in a solid, such as glass, 
retain their neighbours 
at the correct interatomic 
distances but perniit 

deviations from their 

correct angular relation- 
ships. Thus the regu- 
larity of pattern repetition 
is lost after proceeding 

Fig. 150. — Jones’ curve for the derivation of the only a few atomic dis- 

amount of line broadening (^). tanceS in the lattice. 

Curve (i) * i Such a solid is essenti- 

/f\ non-crystalline, or 

Curve (Hi) = I ; amorphous, being devoid 

Curve® anisotropy so 

^ V \5/ \bJ characteristic of the in- 

(A. Taylor, y. Scientifc Instruments, 18 , 91, 1941.) dividual Crystal. Liquids 

too have much the same 
type of atomic packing as amorphous solids, although the linkages 
are so feeble that the thermal vibrations cause a considerable 
measure of atomic mobility. 

Amorphous solids and liquids yield X-ray diffraction patterns 
consisting of one or two very broad diffraction bands similar in nature 
to those given by crystalline particles which are of the order of lo”*^ cm. 
in size. It is possible to analyse these patterns by the methods of 
Fourier analysis and so determine the nature of the packing. Liquid 
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metals and alloys have been studied by reflecting X-rays from the 
molten surface. The technique is not easy, and to date results are 
very meagre. A full account of the subject is given in The Diffraction 
of X-rays and Electrons from amorphous Solids,^ Liquids and Gases^ by 
J. T. Randall (Chapman & Hall). 

Size of Ordered Domains, Debye-Scherrer photographs illus- 
trating the growth of ordered nuclei in CugAu have already been 
shown in Fig, ii6 of Chapter VIII. The main lattice lines remain 
perfectly sharp throughout the series, for the lattice as a whole in each 
individual grain is perfectly continuous. Superimposed upon the 
continuous three-dimensional pattern of the lattice is the segregation 
of copper and gold atoms into adjacent nuclei of complete order. 
Order within the lattice gives rise to the superlattice lines, and if the 
regions of order are on a small scale, the superlattice lines must 
broaden by a- corresponding amount. Since the broad superlattice 
lines alternate regularly with the sharp main-lattice reflexions, it is 
very easy to interpolate the values of h for the positions of the maxima 
of the broadened lines, without the necessity of mixing a calibration 
material with the alloy. In this case it is unnecessary to use powder 
specimens and wire may be used instead, provided the grain is fine 
enough to yield sharp continuous rings for the main lattice reflexions 
when the specimen is rotated. 

Resolution of a-Doublet as an Index of Crystallite Size. 
As the crystallite size diminishes below io“^ cm. the first stages of line 
broadening are to be observed in the sensitive high-order reflexions 
where the Bragg angle approaches 90°. The resolution of the 
a-doublet provides a very useful criterion of the average size of the 
crystallites. We may treat the problem in a manner analogous to 
resolution by a simple diffraction grating. The two lines forming the 
a-doublet will be resolved if 

where n is the order of the reflexion, N the number of crystal planes, 
A and X AX the wavelengths of the doublet. 

When 6 approaches 90°, we may write 

2 d « nX 

and obtain the criterion for resolution 
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With cobalt K radiation ^(aa) = 1*78919 A, A(ai) = 1*78529 A 
which gives 

2e 1*787 

1*787 0*0041* 



Fig. 15 1- — Influence of grain size on resolution of a-doublet. 

{a) Grains larger than 8 X lO-® cm. 

{h) 8*0 X 10“® cm. Partial resolution. 

(c) 4*0 X IO-® cm. No resolution. 

Calculated for CoKcu. radiation and 0 = 85°, 

In other words, e must be somewhat larger than 390 A in order to 
resolve the a-doublet. The effect of crystallite size on an a-doublet 
ate = 85° is illustrated in Fig. 151 (a), (b) and (c), the extent of line 
broadening being calculated from the Scherrer formula. 

The nSects of Crystal Deforznation. The question of crystal 
deformation is very important, for it has a pronounced influence on 
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the physical and mechanical properties of a metal. From the X-ray 
investigators point of view it is also important because effects similar 
to those produced by small grain size are recorded on the X-ray 
photographs. Under the influence of internal strains, the crystal 
grains may be extended, compressed or sheared, and so the lattice 
planes become curved and twisted. Variations in interplanar and 
interatomic distances are set up which differ appreciably from the 
normal values of the stress-free material. Each strained crystal will 
reflect X-rays over a range of angle owing to the local departures 
from the normal spacings and hence gives rise to broadened 
lines. 

A considerable amount of investigation has been carried out on 
the nature of crystal deforma- 
tion at the National Physical 
Laboratory by Shearer, Wood, 
and their collaborators. One 
of the interesting discoveries 
they made was the develop- 
ment of a temperature co- 
efficient of resistance in con- 
stantan wire when reduced in 
diameter by cold drawing, 
which, of course, ruined the 
wire for making standard re- 
sistances. It was naturally 
expected to find the cause to 
lie in a preferential orienting 
of the crystals, but X-ray in- 
vestigation proved otherwise. 

The growth of a temperature 
coefficient with successive reductions in diameter could be corre- 
lated quantitatively with an increase in the state of internal strain 
of the crystals, measured by the width of the powder lines as illus- 
trated in Fig. 152. 

We have already seen how very important is the effect of internal 
strain in giving permanent magnet alloys of the FcgNiAl type their 
high coercivity. Internal strain is a prerequisite of a good permanent 
magnet. Tungsten magnet steels heat treated in the region of 900® C. 
are spoilt, losing their high retentivity, A good steel shows only 
the lines of body-centred cubic a-iron phase, the other constituents 
apparently being held in solid-solution. Spoiling of the steel is 
accompanied by the appearance of a new pattern of lines identified 



Percentage Reduction in Diameter of Wire 
(Initial Diameter 0*762 m.m.) 

Fig. 152. — Formation of temperature coefficient in 
drawn Constantan Wire by lattice distortions. 
(After W. A- Wood, Froc, FJ^s, Scc.^ 44, 67, 

1932O 
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as belonging to Fe4W2C and WC. These carbides again disappear 
when the properties of the steel are recovered by a suitable heat 
treatment. Furthermore, a good tungsten magnet steel yields diffuse 
powder lines, probably due to strains set up in the crystals on taking 
up the carbon and tungsten from the carbides into solution. A spoilt 
steel gives a photograph of sharp lines showing that the crystals are 
perfect. 

A state of high coercivity can be produced in an alloy containing 
equal atomic proportions of iron and platinum. H. Lipson, D. S. 
Schoenberg and G. V. Stupart have found that the structure is 
ordered face-centred tetragonal like AuCu, although the authors 



Fig. 153. — Relationship between magnetic loss values and crystal size in a 4 per cent, silicon 

transformer steel. 

(A. H. Jay, y. of Scientific Instruments^ 1 . 8 , 81, 1941.) 


believe it to be face-centred cubic at a temperature considerably 
higher than 1,250° C. The microstructure corresponding to the 
state of high coercivity reveals twinning bands due to the breakdown 
from the high temperature cubic form. Very large strains are set 
up in the lattice and it is concluded that they are the cause of the 
very high coercivity. 

While internal strains are beneficial in preventing the loss of 
magnetism in a permanent magnet alloy, quite opposite conditions 
are required for the magnetically soft permalloy and silicon steels used 
in transformer cores. Where a low hysteresis loss is required, the 
crystals must be as large and as perfect as possible, typical results for 
a 4 per cent, silicon transformer steel being illustrated in Fig. 153. 
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Such alloys are very coarse-grained and give rise to spotty X-ray 
photographs. It is found that the magnetic losses are smaller the 
sharper the reflexions given by the X-rays. Further benefits can be 
conferred upon the magnetic properties by rolling the sheet so 
as to give a preferred orientation of the crystals in the plane of 
rolling. 

Crystal Recovery, Recrystallizatioii and Grain Growtli. 

Severe cold-working of a metal may introduce grain fragmentation 
and grain orientation in 


addition to the perma- 
nent lattice distortions 
set up when the material 
has been strained beyond 
its elastic limit. This 
deformation is accom- 
panied by an increase in 
the strength properties, 
namely hardness, yield 
point and tensile strength, 
while, on the other hand, 
a decrease in ductility is 
to be observed. 

When a cold-worked 
metal is annealed, three 
mutually distinguishable 
processes occur. These 
are crystal recovery, re- 
crystallization and grain 
growth. By crystal re- 
covery, we mean the 
relief of lattice strain 



the physical and mech- gram is shown by nearly all metals. 


anical properties towards 

the origin^ values occasioned by low temperature annealing, without 
any detectable change taking place in the microstructure or costal 
size of the cold-worked metal. Recrystallization occurs at higher 


temperatures than crystal recovery and is a process of formation and 
growth of new unstrained grains which eventually supplant the 
original grains in the cold-worked structure. Grain growth takes 
place in the completely recrystallized metal and is merely a con- 
tinued growth of the newly constituted recrystallized grains. 
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The rates of crystal recovery, recrystallization and grain growth 
depend upon the nature of the metal or alloy, the annealing temper- 
ature and on the amount of cold work applied at the outset. Re- 
crystallization occurs at a higher temperature the smaller the amount 
of cold deformation, while increasing the time of annealing displaces 
recrystallization to a lower temperature. If grain growth is allowed 
to continue, the final grain size is larger, the smaller the degree of 
deformation. It is also found that the larger the original grain size 
the greater is the amount of cold deformation to yield equivalent 
recrystallization temperatures and times. In Fig. 154 we illustrate 
the effects of annealing temperature and cold work upon the re- 
crystallization of tin, taken from the work of Czochralski. 

liimiting Crystallite Size and Internal Strains in Cold- 
Worked Metals. When a metal is severely deformed, the X-ray 
reflexions broaden owing to the combined effects of grain fragmen- 
tation and lattice distortion. Wood and his collaborators have 
found that the broadening of a diffraction line produced by the 
breakdown of the grains of a metal under progressive deformation 
nenjer exceeds a definite maximum. The important conclusion which 
must be drawn from this evidence is that whether the line-broadening 
comes from the fine-grain eflfect or from the distortion of the crystal 
lattice or any other cause, the crystallites must reach a definite lower 
limit of size characteristic of the metal. For most pure ductile metals, 
this lower limit of size is in the range to 10“^ cm,, the effect 

of impurities and alloying constituents being to reduce these values 
by a considerable amount. 

To a first approximation, we may suppose that the line broad- 
enings produced by fine grain and by lattice distortion can be com- 
bined by simple addition to give a total line broadening * 

^ -h p(/.d) 

where ^(^.5) is the angular broadening produced by grain size alone 
and ^(/.d) is the angular broadening produced by lattice distortion. 
If the deformed mass of metal is given just sufficient annealing to 
effect crystal recovery without promoting recrystallization, the lattice 
distortion will disappear and we shall be left with from which 

the true crystallite size s may be determined with the aid of the 
Scherrer formula: 

X i‘OA 

= 

e cosd 

* This relation is the one used by W. A. Wood. If the line broadening is regarded 
as in Fig. 149, we should really add the squares of the angular broadenings. 
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The Experiments of W. A. Wood on Cu, Ag, Ni, Al, Mo and 
Fe of High Purity, In his experiments. Wood used specimens 
of exceedingly high purity machined to approximately 3 cm. long 
and rectangular cross-section 0-5 X 0-3 cm. They were then 
annealed in vacuo until the grains were about 10“^ to cm. in 

size and gave quite sharp reflexion spots. After etching, the speci- 
mens. were cold-rolled into strip and X-rayed after every i per cent, 
reduction up to 10 per cent, (reckoned on the original thickness) and 
then after every 5 per cent, approximately up to 99 per cent. 

The specimens were examined in a back-reflexion camera which 
recorded the sensitive high-angle reflexions as full circles concentric 
with the X-ray beam, upon a flat film. Photographs were taken with 
the specimen stationary, its surface perpendicular to the beam, and 
also when oscillating ^ about that position. 

To determine the value b for an unbroadened spectrum line, fully 
annealed specimens were employed, the specimens being oscillated 
to give the continuous line necessary for the microphotometer measure- 
ments. A check was applied by photographing specimens of ZnO 
and ZnS under the same conditions. It was then possible to use 
the value of b to determine the line-broadening for fine grained and 
deformed specimens. 

Typical photographs of copper after various stages of reduction 
are illustrated in Fig. 155. The following eflfects are to be observed: 

(i) Expansion of the Lattice. Fig. (i) of the annealed 

specimen shows the separate sharp reflexion spots of the initially 
large perfect grains. Fig, 155 (2) taken after 4 per cent, reduction 
shows the transition to continuous arcs and the beginnings of radial 
diffusion, indicating the onset of crystallite formation. The inner 
ring is the 400 a-doublet occurring at a Bragg angle 83*2® which is 
very much more sensitive to changes than is the outer ring from the 
331 /^-reflexion at only TJ-fy unfiltered cobalt K radiation being used. 

Fig. 155 (3), after 80 per cent, reduction, shows the diffraction 
rings in an abnormally diffuse condition. The inner 400 ring has 
increased considerably more in diameter than the less sensitive 331 
reflexion. The bodily shift of the 400 ring demonstrates that the 
internal strain or distortion which can be imposed upon the lattice is 
of the nature of an expansion, for the ring is made up of reflexions 
from three mutually perpendicular (400), (040) and (004) planes, and 
all these directions must have increased. 

The expansion of the lattice with its attendant fall in density 
under the distorting influences is not surprising, for it is a well-known 
fact that any effort to increase the density of lead by hammering 
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produces quite the contrarj^ result. The same sort of effect occurs 
when a bag of sand which has been well shaken down is compressed. 
The grains are disturbed from their equilibrium positions and the 
net effect is to increase the volume they occupy and so reduce the 
density. Thus the decrease in density of a cold- worked metal may 
be compared with the effect of “dilatancy” in sand. 

(2) Recovery Effect, Fig. 155 (4) shows the diffraction rings 
after the same specimen of copper has been reduced further in thick- 
ness to 85 per cent. The photograph shows directly that the diameter 
of the 400 reflexion has contracted and at the same time the radial 
diffusion of the rings has decreased. The further deformation has 
removed the previous expansion of the distorted lattice, thus producing 
recovery without recrystallization. The abnormal diffusion associated 
with the expansion effect is attributed to irregularities in the expansion 
which influences the lattice spacings and not to any appreciable 
further breakdown of the crystallites. Otherwise, on recovery it 
would be difficult to explain why the crystallites should again increase 
in size to the arbitrary value corresponding to the line breadth of the 
recovered state. 

The lattice expansion followed by crystal recovery was found to 
be a periodic phenomenon. After initial changes accompanying 
breakdown, the diffusion and expansion effect reached a maximum 
after about 8 per cent, reduction. This was followed by crystal 
recovery at 10 per cent, and the whole cycle of diffusion and lattice 
expansion, followed in turn by crystal recovery, was continually 
repeated as the deformation of the specimen continued. During each 
recovery, the line breadth decreased to the same value. From this 
observation we may conclude that the residual broadening is entirely 
due to the fine-grain effect and therefore affords a measure of the 
lower limiting grain size. 

For comparison between the lattice spacing of the initial un- 
stressed material and the recovered state, enlarged photographs of 
each are shown side by side in Fig. 155 (5^) and The un- 

stressed material was oscillated in order that smooth lines would be 
obtained for measurement of the true diffraction angle. The relative 
movement of the diffused a-doublet in the recovered state is quite 
apparent, and, contrary to the findings for material under internal 
stress, it is in the direction corresponding to a contraction in the lattice. 

Similar results were to be found for silver, nickel, molybdenum 
and iron, but not for pure aluminium. This is because alxxminium 
is spontaneously self-recovering during cold-working at room tem- 
perature. Nevertheless, it is found that coarse-grained aluminium 



(3) Cu, 8o per cent, reduction. 


(4) Cu, 85 per cent, reduction. 



(5 a) Initial State. (5 b) Recovered State. 

Copper ; (3) shows the expansion of the inner ring towards the outer ring due to lattice expansion effect y 
(4) the contraction on recover}' caused by further cold working ; (3 d) and (5 show a difference 
between the recovered and initial state. 

Fig. 155. — ^Back-reflexion patterns from Cu after various stages of cold working. Cobalt K 
(a -h^) radiation. Inner ring, 400 doublet- Outer ring, 31 1 jS. 

(W. A. Wood, Proc. Roy* Soc.^ (A) 172 , 231, 1939.) 


[Facing page 234- 



[a) Al, 6 per cent, reduction (b) Al, 98*6 per cent, reduction. 

(a) and (ii) show that a complete ring is not produced even after heavy cold working of pure aluminium. 


(c) (i) Iron, 20 per cent, reduction. 

(c) (2) 90 per cent, reduction. 

Showing difference in diameter of diffraction 
ring between expanded and recovered states 
of iron lattice. 





: at 


(J) shows the much greater line-broadening effect ; 
in a carbon steel compared with that in pure iron ' . ^ 

above. ' ' • 

Fig. 156. — (a) and (b) Back-reflexion patterns from Al. 

(c) and (d) Back-reflexion patterns from pure Fe and o-i per cent, carbon steel. 
(W. A. Wood, Proc. Roy. Soc.^ 172 , 231, 1939.) 
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can be fragmented by cold-work to give partial arcs of perfectly 
resolved a-doublets. In the absence of any line broadening, it would 
appear that the lower limit of crystallite size is very definitely in the 
region of cm. With the very pure aluminium used by Wood, 
it was found impossible to obtain full circles for the diffraction haloes 
(Fig. 1 56). The arcs showed a point of maximum intensity indicating 
that the majority of crystallites do not depart widely in orientation 
from the parent grain. This is not due to preferred orientation of the 
crystallites in the specimen as a whole, since the arcs are differenciy 
placed when a photograph is taken from another point on the specimen. 

Table XV contains a summary of the lattice changes while in the 
recovered and distorted states. 

TABLE XV 


Lattice Expansions, Contractions and Lower Limiting Crystallite Sizes for 
Various Metals (W. A. Wood, Tree. Roy, $oc,, 172 , 231, 1939). 



Impurities and alloying constituents have an enormous influence 
on the results of deformation. In Fig. 156 are compared the X-ray 
photographs taken for deformed pure iron and for a deformed o-i 
per cent, carbon steel reduced by about 40 per cent, to produce the 
maximum degree of line broadening. By lowering the permissible 
limit of crystallite size, the effect of carbon on the iron lattice is 
greatly to extend the potential range of structure-sensitive properties. 

Grain Distortion in Electrodeposited Metals. By compar- 
ing the line breadths from nickel-plated specimens with those of 
cold-rolled pure nickel and cold-rolled nickel-plated copper specimens. 
Wood was able to demonstrate that the fine-grained structure of nickel 
deposits may be accompanied by lattice distortion.^®^^ The contribu- 
tion of lattice distortion to the line breadth may be a very appreciable 
proportion of the whole, and, if the lines in the X-ray spectrum have 
a breadth greater than the value corresponding to masdmiun lattice 
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distortion, then it may be safely concluded that the broadening is in 
some degree due to a fine-grained structure. 

With chromium plate, the line breadths are very large in com- 
parison with the value at the lattice distortion limit, and in this par- 
ticular instance the lattice distortion effect may be safely neglected 
in computing the grain size. In other cases, the possibility of lattice 
distortion should be taken into account. 

The Stress-Sir ain Curve for the Atomic Lattice. F. Wever 
and B. Pfarr^®®^ in their X-ray studies on grain size and recrystal- 
lization of rolled steel sheet made the interesting discovery that 
when a test piece from the sheet was held in tension a marked con- 
traction of the lattice was to be observed, but if the sample were 
stretched beyond the yield point and then unloaded, the lattice para- 
meter not only increased to its original stress-free value, but actually 
rose to a much higher figure. Thus the deformed material was left 
with a permanent lattice expansion. Much more detailed work of 
a similar character has been carried out by S. L. Smith and W. A. 
Wood on the lattice changes when aluminium, iron and steel are 
subjected to static loading as in a tensile test. As all these materials 
gave results differing only in detail, their work on normalized mild 
steel (o‘i per cent. C.) will be described. 

As in the previous section, the back-reflexion method utilizing 
cobalt K radiation was employed, thus recording the sensitive 310 
high angle reflexion. The specimen was contained in a combined 
tensile testing machine and back-reflexion camera which enabled the 
X-ray photographs to be taken while the specimen was maintained 
under tensile stress. The changes in the external dimensions were 
obtained by means of an extensometer attachment. 

The tensile stress-strain curve for a typical specimen and for the 
crystal lattice are given in Fig. 157 (a) and (b). It will be seen that 
at a stress coincident with the external yield point, the curve for the 
lattice exhibits a marked discontinuity. Below this stress, the lattice 
spacing contracts linearly with increasing load. At the critical stress, 
instead of a continued contraction, the spacing undergoes an abrupt 
expansion which remains fairly constant as the stress is further 
increased. 

The expansion of spacing observed at the lattice yield point 
becomes permanently superimposed on the lattice dimensions. 
Specimens were taken through slow cycles of stress and photographed 
at the peak stress and at the zero stress between each cycle. A photo- 
graph was first taken at zero stress, then with a load of i ton per 
square inch and then again at zero stress when the load had been 
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removed. Photographs were then taken at loads of 2 , o, 3, o, . . . 
tons per square inch. The results are shown in the lattice stress- 
strain diagram in Fig. 1 57 (^). It will be seen that on passing the yield 
point, further increments of permanent expansion can be effected by 
increasing the previous maximum load. Under stress, the actual 



(a) Percentage contraction of (310) ( 6 ) (expansion) Percentage contraction of (310) 

spacing. spacing. 

Fig. 157. — (a) Lattice stress-strain curve for mild steel. Relation of per<xntage contraction 
of (310) planes, practically perpendicular to stress direction, to applied stress. 

(d) Changes in (310) spacing on loading and unloading of tensile specimens. 
(S. L. SvfiTH and W. A. Wood, Proc. Roy, Soc., 179 , /j.50, 1942.) 

change exhibited by the lattice is the resultant of the permanent 
expansion and the ordinary reversible elastic contraction. The higher 
the applied stress, the greater becomes the permanent expansion 
effect, but the resultant contraction never exceeds a definite limiting 
value. 

One of the effects of the permanent lattice deformation is to 
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produce a sharp drop in the intensity of the 310 reflexion. At the 
yield point the drop in intensity is of the order of 50 per cent, as 
shown in Fig. 158. 

When the temperature of a specimen is raised, two things happen. 
The first is that the lattice spacing increases, and secondly the intensities 
of the high-order reflexions decrease by virtue of the greater value 
of B in the Debye factor as described in Chapter VI. Thus to some 
extent the effect of lattice yield on the X-ray spectrum is analogous 
to the effect of raising the temperature of the specimen, for each- 
produces an expansion of the lattice and each produces a reduction 
in the intensity of the X-ray diffraction rings. 

The Efiects of Slow and Rapid Cyclic Stresses. The on- 
set of dispersed crystallite formation and lattice distortion found in 
the rolled specimens investigated by Wood is also to be found in 
specimens which are subjected to slowly applied tensile or compres- 
sive forces. When the specimen is subjected to very rapid cyclic 
stresses the formation of dispersed crystallites is completely sup- 
pressed even though the static yield point be considerably exceeded oni 
the compressive and tensional portions of the alternating stress cycle.. 

These effects for brass (Cu 69*43 per cent., Zn 30*54 per cent.)i 
are clearly demonstrated by the back-reflexion photographs of the 
331 high-angle reflexion a-doublet, taken with nickel K radiation shown 
in Fig. 159. Fig. 159 (i) shows the isolated spots produced by the 
fully annealed, unstrained specimen in its initial state. Loading the 
specimen in static tension up to the yield point at 5 tons per square 
inch and then taking the load off before X-raying gave the same 
results as the unstrained material. On loading to 7 tons per square 
inch the discrete spots gave way to broken arcs indicative of dis- 
persed crystallite formation. Precisely the same result was attained 
by subjecting the material to a slow cycle of 7 tons per square inch, 
Fig* 159 being show’n as representative of both effects. The 
dispersion is progressive with static or slow cycle loadings of 8, 9 
and 10 tons per square inch, the last named being represented in 

Fig. 159 

The X-ray photographs of similar specimens subjected to reversed 
stresses in a standard form of electromagnetic fatigue-testing machine 
operating at 2,200 cycles per minute do not show anything more 
than a very slight diffusion of spots. The large angular dispersion 
of the crystallites which physically marks the primitive yield point 
has therefore been suppressed or removed although the maximum 
stress of the cycle in one case was practically double the initial yield 
stress under static tension. This is well brought out in Fig. 159 (2^) 



(^) After yield. 

Fig. 158. — (a) and (b), obtained under identical conditions, illustrate the drop in intensity 
of X-ray reflexion which occurs when the tensile specimen passes through the yield point. 
(W. A. Wood and S, L. Smith, Proc, Roy, Soc.^ dL 79 , 450, 1942.) 

[Facing page 238. 
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for i 7 tons per square inch, and Fig. 159 (3^) for 10 tons per 
square inch in rapid cycle. If the crystallites are formed at all, 
they must retain to within a degree or so the crystallographic orien- 
tation of the parent grains, and, as far as the X-rays are concerned, 
do not behave independently of the initial grains. 

After the rapid cyclic stressing has ceased, subsequent static 
loading fails ■ to produce any permanent set until the maximum 
loading attained in the cyclic stressing has been applied. In other 
words, the primitive yield point has been raised. The effect is shown 



AmptitueCe of extension Extension ^incif 

(or compression ) - inc/) 

(«) (*) 

Fig. 160. — Difference between extension produced by : (a) Rapid stress {± 9 tons/sq. in.). 
Specimen 4B2. Extension under alternating^ stress (after 30,000 cycles at 9 tons/sq. in.). 
(^) Slow static tensile stress. Specimen 4B2. Subsequent static test (stowing- perma- 
nent rise of yield point). 


(W. A. Wood and P. L. Thorpe, Proc, Roy. Soc.^ 174 , 310, 1940.) 


in Fig. 1 60 (a) and where no marked yield is visible for specimen 
4B2 subjected to a rapid alternating stress of ± 9 tons per square inch 
and where the static yield point for the same specimen^ after 30,000 
reversals, is now permanently raised from 5 to 9 tons per square inch. 

Although dispersed crystallite formation is inhibited by the 
application of rapid cyclic stresses, a slight diffusion of the spots does 
occur accompanied by a marked increase in lattice volume. The 
magnitude of lattice expansion expressed in terms of a percentage 
change in the side of the original unit cell, after carrying numbers of 
cycles for a load of i 8 tons per square inch, was as follows : 

No. of cycles . o 50,000 90,000 150,000 300,000 636,000* 
Lattice change % — 0*02© 0-024 0-024 0-029 0*035 

* Fracture stage. 
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Taking the lattice expansion together with the slight broadening 
of the spots, the evidence is indicative of internal strain produced by 
the cyclic stressing, and it is this factor which must be responsible for 
the abnormally high primitive yield point in subsequent static loading. 

Asterism. When a Laue photograph is taken of a stress-free 
polyc^stalline metal, the pattern consists of a multitude of sharp 
reflexion spots. Distorting the metal introduces curvature of the 
lattice, or fragmentation, into a mosaic of submicroscopic crystallites, 
the orientations of which are independent of their neighbours. Lattice 



Fig. i6i. — “Asterism”. The formation of radial streaJcs by distorted crystals. Photog-raph 
of recrystallized sheet in which a few large crystals are subjected to strong internal tensions. 

(Courtesy, Philips Industrial.) 


distortion, or fragmentation, is revealed in the Laue photograph by 
the drawing out of the reflexion spots into diffuse bands whose radial 
lengths are much greater than their widths. This phenomenon, to 
which the name “asterism’ ' is applied, can be seen in the photographs 
of a polycrystalline metal in which a few individual crystals are strained, 
as shown in Fig. i6i. 

In the annealed specimen, each crystal acts as a little plane mirror 
which reflects a narrow pencil of radiation on to the film whatever its 
inclination to the X-ray beam, for in the Laue technique there will 
always be an appropriate wavelength in the range of available “white” 
radiation to satisfy the Bragg reflexion condition. We may now 
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treat a distorted crystal plane as if dijfferent portions of it were tilted 
at random through small angles with respect to the normal of the 
average direction- Referring now to Fig- 162,. let us suppose that 
a mirror is reflecting a fine pencil of light at a small glancing angle 6 
and that we tilt it slightly at random to make its normal move about 
within a cone of semi-vertical angle a. The area traversed by the 
reflected beam will be a very elongated ellipse. Considering the 
major axis of the ellipse^ the angular length of it must be twice the 



angle through which the mirror is rocked about an axis normal to 
the plane of the paper, that is, to 4a, and so the length of the major 
axis of the ellipse will be 4aJD approximately. Rocking the mirror at 
right angles to the plane of incidence gives a horizontal angular move- 
ment of only 2a to the reflected ray, so that for small values of 6 the 
minor axis of the ellipse which such a movement traces will be 2SD,2cc 
or 2ar. The axial ratio will thus be 4Dix/2rcc which is i/$. If 6 is 
3° or o*05'2 radians, the major axis will be twenty times as long as the 
minor axis- 

A Method o£ Distinguishing between Dattice Curvature and 
Fragmentation. The asterism described above may be due to 
large distorted crystals or to fragments which are oriented more 
or less in the same direction. Orowan and Pascoe have recently 
shown how in special circumstances we may use X-rays as a criterion 

I 
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for distinguishing between lattice curvature and lattice fragmentation. 
Rotation photographs taken with copper Ka radiation in a camera of 
radius 3*0 cm. of a moderately extended cadmium single crystal showed 
reflexion spots which were unusually sharp, sharper even than the 
spots obtained before distortion. Whenever a spot i (Fig. 163) is 
unusually sharp, the corresponding spot 2 on the same side of the 
equator reflected by the same lattice plane after the crystal rotates 
through 90° (or 270®) is equally sharp. The two corresponding 
spots 3 and 4 reflected by the ^ 


other side of the same plane 
are smeared out into arcs. 

The dissymmetry of cor- 
responding spots above and 
below the equator may be 
explained by supposing the 
lattice plane is curved and the 
beam emerging from the 
pinhole to be focused on the 
film as if it were reflected 
from the concave side of the 
plane, thereby resulting in a 
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Fig. 163. — (<2) Sharpened and elongated spots showing lattice curvature. 

{b) Part of a rotation photograph, enlarged 1-62 times. Cd. crystal, about i mm. thick; 
extension about 2 per cent. The dotted line is the equator. CuKa radiation. Camera 
radius, 3-0 cm. 

(E, Orowan and K. J, Pascoe, Nature, 148 , 467, 1941.) 


particularly sharp spot. On the other hand, beams incident on the 
convex side of the plane are reflected with a strong divergence and 
produce elongated traces on the film. 

For cadmium, the dissymmetry effect was greatest for basal plane 
reflexions and for planes lying at a small angle to it. This is attributed 
to the disintegration of the bent crystal into glide lamellae as shown in 
Fig. 1 64, for otherwise bending would produce extremely high tensile 
stresses on the convex side and extremely high compressive stresses 
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on the concave side of a thick block (cf. section on flexural glide in 
Chapter X). Planes running perpendicular to these bent planes 
show no dissymmetry of X-ray reflexion since they remain approxi- 
mately plane in elastic bending. 

With polycrystalline metals a very complex system of stresses is 
set up among the neighbouring crystals which give rise to particularly 
sharp curvatures and thin lamellae. The dissymmetry effect can no 
longer be observed if the focal length of the curved lattice “mirror” 
becomes too small compared with the radius of the X-ray camera, 
but the X-ray reflexions will now show 
the diffusion into Debye-Scherrer circles 
and broadening usually attributed to 
random fragmentation. 

With increasing deformation, the 
elastic energy of the bent lamellae and 
their mutual surface energy become 
high enough for recrystallization to 
occur. As we have already seen, for 
a given amount of cold-work the 
temperature at which this takes place 
is characteristic of the metal. Andrade 
and Chow found that the tails on the 
Laue photographs of distorted iron 
crystals broke into distinct spots at 
sufficiently high temperatures. This 
also happened at room temperature 
with deformed sodium and potassium, but at very low tempera- 
tures only continuous tails were observed. All metals may 
recrystallize at room temperature if the distortion is severe enough. 
At a given temperature, therefore, local curvature of the lattice and 
its splitting up into lamellae, with the accompanying diffusion of X-ray 
refl[exions, increases only up to a critical distortion at which recrystal- 
lization begins. 

Application o£ X-rays to Depth of Cold-WorMng. In the 
course of machining an article, the influence of the cutting tool pene- 
trates for quite a distance below the surface of the metal. The con- 
siderable distortion and fragmentation of crystal grains in the surface 
layers can be readily observed by means of the line broadening found 
in diffraction patterns. By etching away successive layers of the 
worked surface. X-ray photographs corresponding to the condition 
of the material at various depths can be obtained. When the un- 
distorted basis material is reached, no further changes are to be 



Fig, 164. — Disintegration of bent 
crystal into lamellae. Cf- fleacural 
glide in Chapter X. 

(E. Orowatj and K. J. Pascoe, Nature, 
148 , 467, J941.) 
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observed in the diffraction pattern. The effect of machining on the 
surface of steel is illustrated in Fig. 165, the penetration in this instance 
being of the order of 0*003 inch. 

The effect of cold-work is of particular importance in specimens 
prepared for fatigue-testing and precautions are always taken to 
minimize the cold-work in the machining operations. A typical set 
of figures given by Barrett which may be taken as representative for 
the depth of penetration is given in Table XVI below. 

TABLE XVI 

Depth of Cold-Work from Specimen Preparation 



Depth of Cold- 


Material 

0*42% C. Steel 

Work 

in. 

Method of Preparation 

Hot Rolled 

0-19% C. Steel 

0*002 i 0*001 

Lathe cut of 0*015 1°*> repeated, then cut of 
0*002 to 0*001 in. filed and polished to remove 
an additional o*ooi in. 

Annealed 

0*005 i 0-001 

Ditto 

Copper, 

Annealed 

0*008 ± 0*002 

Ditto 

Aluminium, 

Annealed 

0*008 ± 0*002 

Final operations were shallow lathe cuts, polished 
with No. 218 Aloxite cloth, then with 00 
paper, then buffed. 


The Beilby Layer. A highly polished metal surface is usually 
obtained by buffing. Under the influence of the polishing material, 
the ductile surface of the metal flows, losing thereby its crystalline 
regularity to a depth of about 20 to 50 A. The “ amorphous surface 
is often referred to as a Beilby-layer. There is far too little of it to 
be revealed by X-ray diffraction methods and recourse must be had 
to the electron diffraction technique which is more suited to the study 
of surface phenomena. Methods of electrolytic polishing have been 
developed for removing the ‘‘ amorphous surface, notably by Jacquet. 

Application of X-ray Methods to the Measurement of Stress. 
The important changes in the diffraction patterns observed when a 
metal is subjected to slow or rapid cyclic stresses have already been 
described. In laboratory experiments, the investigator is particularly 
fortunate in that he can choose the specimens to be examined and 
has perfect control over the magnitude and directions of the applied 
stresses. In practice, observations may be required on massive 
cylinders or shafting which cannot be manipulated as simple labora- 
tory specimens. The problem then becomes one of bringing the 
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{a) Surface as turned. Di 5 use doublet from 
distorted crystal fragrnents. 


\h) After removing o-oci in. with acid. 






!%. • 


Jk *' 




■»v 








(c) After removing o*oo2 in. Most of 
stressed surface removed. 


{d) After removing o-ooS in. Sharp spots 
reveal unstressed cr}'stals of interior. 


Fig. 165.— Effect of lathe tool on the surface texture of an annealed o-ioOq C. steel bar. 


Co K radiator:. 310 a doublet. Film-specimen distance, lo-o c.m. 
Exposure time, ahrs. at 35 k V, lo milliamps. Victor XRD unit a.nd back-reilexi 
and H. Sinclair.) 

[Reproduced half si zie.) 


Beam diameter, i-o mm. 
on camera. (A, Taylor 


[Facwg page 244. 
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X-ray equipment to the object of investigation. Portability and 
manoeuvrability must be essential features of the X-ray apparatus and 
it will be necessary for the camera to swivel as a unit with the X-ray 
head into a position adjacent the specimen.^^®^ For this type of work, 
a sealed-off tube is most suitable (cf. Fig. 47). 

Reflexions at high angles are employed. If the crystal grains are 
similarly stressed, the diffracted rays will produce sharp reflexion 
spots displaced from the normal positions corresponding to un- 
strained material. It is usually impracticable to rotate or oscillate 
the specimen through an angular range in order to smooth out the 
spotty reflexions for accurate spacing measurements. Recourse must 
be had to rotating the film in its own plane about the incident beam 
as axis, to produce the same effect. Some workers apply aluminium 
paint or gold leaf to the surface of the metal in order to obtain cali- 
brating spectra which do not change in position no matter how the basis 
material may be subsequently stressed. In principle, this is the 
mixture method sometimes employed in powder photography. Others 
prefer to impress fiducial marks upon the film by means of accurate 
jigs. From changes in spacing from the normal values and a know- 
ledge of the elastic moduli of the material, it is possible to calculate 
the exact magnitude of the internal stresses. In effect, then, we are 
using the high angle X-ray reflexions as a simple extensometer. 

Let us suppose we are observing the change in diameter of a 
Debye-Scherrer ring taken with the back-reflexion technique from a 
specimen SS. The changes in the interplanar spacing ^ to which 
the measurements refer are measured in the direction XQ, the normal 
to the reflecting planes which bisects the angle PQR (Fig. 166). 
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If 6 approaches 90*^, we may, without introducing any serious error, 
consider the changes to occur normal to the plane of the specimen 
which is stressed in the direction SS. 

Under the action of the stress, the interplanar distance do changes 
to a new value d^ and so the strain normal to the reflecting crystallo- 
graphic plane will be 



Let * 5 *^ and be the directions of the principal stresses in the 
plane of the surface (Fig. 166^), then the strain s in any direction 
y) will be given by 

sE = {iSjg sin^ <fi cos^ yj — vS^ (sin^ <f> sin^ y) -f- cos^ 

-|- Sy sin^ <f> sin^ y) — vS^ (sin^ <l> cos^ y) -f- cos^ ^)} . (2) 

where E = Young’s modulus 
and V = Poisson’s ratio. 

To obtain the strains and Sy, it is necessary to take X-ray photo- 
graphs at two different angles to the surface. We then get reflexions 
from crystallographic planes with the same indices hkl, but which 
have different inclinations to the surface of the metal and therefore 
have different values for the strain 6. If we take photographs with 
a constant angle ^ and for values of y = o® and 90®, equation (2) 
takes the forms 

= (^v=o + ^ v= 9 o 0 ^/[(^ + ^ • (3) 

^x — ^y = («v=o — «v.=9oO-2/(i + sin2 <f> . . (4) 

The sum and difference of equations (3) and (4) immediately give 
and Sy in terms of known or measurable quantities. 

If only the sum of the two principal stresses is required, the pro- 
cedure can be considerably simplified by taking only one photograph 
with the X-ray beam falling perpendicularly upon the specimen 
surface. In this case, ^ == o, and the sum of the principal stresses 
becomes 

*^0: + *^2/ = — fi-E/r .... (5) 
D. E. Thomas has given a detailed account of this method 
applied to a ship’s-cylinder requiring a carefully applied stress- 
relieving heat treatment. 

A- full account of the theory and its applications has also been 
given by L. Frommer and E. H. Lloyd (J. Inst. Met.^ 1 1, 91, 1944). 
These authors have proved the method to be of real practical value 
to the light alloy industry, particularly in connexion with design 
‘ and heat treatment and allied problems in components where optimum 
mechanical and .physical properties are essential. 



CHAPTER X 


GRAIN ORIENTATION 

The Stereographic Projection. The relationships between 
crystallographic axes, planes and angles can be comprehensively 
represented by methods of projective geometry. The stereographic 
projection described below is one used very frequently. 

Let us suppose that we have a crystal of negligibly small 
dimensions situated at the centre of a sphere, commonly referred to 
as the polar sphere, or reference sphere, illustrated in Fig. 167 {a). 
The plane A may be represented on the surface of the sphere by the 
point of intersection, or pole, of its normal at N. Alternatively the 




Fig. 167. — (a) Representation of a plane by a pole N, or great circle PQR, upon the 

Reference Sphere. 

(b) Angle ^ between two planes measured along arc of great circle MNt or by the 
intersection of the great circles PQRy SQT. 

plane may be imagined to extend imtil it cuts the sphere in the great 
circle PQR, which also may be used to represent the plane. The 
angle between two crystallographic planes A, B, may be measured in 
degrees along the arc of the great circle between the poles N, M. of 
the normals to A and B res'pectively. Alternatively, if the planes of 
the crystal are projected on to the surface of the sphere as great circles, 
then the great circles will intersect each other at the same angle as do 
the planes in the crystal. 

In the stereographic projection, the array of poles on the reference 
sphere belonging to the planes in the crystal are projected upon the 
equatorial plane, which is commonly referred to as the basic circle or 
reference circle. The stereographic projection Q, in the equatorial 
plane, of the pole P in the northern hemisphere, is obtained by joining 
P to iS" as shown in Fig. 168. If a pole, such as R, lies in the southern 

247 
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or negative hemisphere, its stereographic projection T will lie outside 
the basic circle on the extended equatorial plane. It is often con- 
venient to project such poles as R in the southern hemisphere through 



Fig. 168. — Stereographic projec- 
tion through N and 5 Poles 
of reference sphere upon the 
equatorial plane. 


the N pole of the reference sphere to obtain corresponding points, as 
for example U, which lie within the basic circle. The points obtained 
by projection through the south pole may be marked (T) to distinguish 
them from those projected through the north pole, marked 

Projection of Great and Small Circles. From the manner 
in which the stereographic projection is obtained, it will at once be 
apparent that any great circle, or meridian circle, passing through the 
N and S poles of the reference sphere will project as a diameter of 
the basic circle. If such a great circle is graduated in degrees, its 
projection EE will be a scale of stereographically projected degree 
points and will be useful in reading off angular distances in the pro- 
jection. It is shown with 5'’ graduations in Fig. 169 (^). 



Fig. 169.- — Stereographic projection of a small circle. Projection of great circle through 
is EE, The projection of the small circle with centre P i§ a circle having a centre C dis- 
placed from the projected centre P'. 
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Latitude circles which lie parallel to the equatorial plane will, of 
course, project as small circles concentric with the basic circle. Any 
circle inscribed on the surface of the reference sphere about a point 
such as P will also project on to the equatorial plane as a true circle. 
The centre P will project -to the point P' which is not the geometric 
centre of the projected circle, which is at C. P' will lie on the line 
EE at a point distant an equal number of stereographically projected 
degrees from all points of the projected circle. 

If the radius of the small circle with centre P is increased, it 
finally becomes a great circle. The stereographic projection of this 
circle will not be a straight line since the great circle will not be a 
meridian circle passing through the N—S poles. The projection will 
be a circle with a large radius, with its centre on EE^ extended if 
necessary. It will cut the basic circle at two diametrically opposite 
points and it will cut the line EE at the point <f> — 90^^ from P'. Thus 
its position and radius will be uniquely determined. Just as it is 
customary to project poles in the southern hemisphere through the 
N pole of the reference sphere in order to make the projected points 
lie within the basic circle, the same practice is observed in the pro- 
jection of circles, or those portions of them, which lie in the southern 
hemisphere. 

Measurement of Angle between Poles — Stereograpbic Nets. 
The angle between two poles on the surface of the reference sphere 
is the number of degrees separating them on the great circle passing 
through them. A ruled globe marked out with meridian circles and 
latitude circles in precisely the same manner as globes used for geo- 
graphy is commonly employed in crystallographic work. If we 
imagine two poles Pi and P* marked out on a transparent celluloid 
cap free to slide over the surface of the globe, we could move it about 
until Pi and P2 lay on the same meridian circle passing through the 
poles. The angle between Pi and Pa would then be read off 
by counting the number of degrees of latitude between them 
(Fig. 170). 

In the stereographic representation of poles, we make use of a 
stereographic net to carry out the same operation in the plane of the 
reference circle as is carried out by means of the transparent cap on 
the surface of the sphere. The stereographic net, often referred to 
as a Hutchinson’s or Wullf’s net, is illustrated in Fig. 1 7 1 . It is very 
similar in appearance to a globe with its rulings of latitude and meridian 
circles. It is obtained by projecting the meridian and latitude circles 
through a pole taken in the equator oi the globe upon the plane bounded 
by a great circle through the N-S poles. The radius through the 

I* 
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pole of projection is normal to the plane on which the projection is 
made. The meridians in the projections extend from top to bottom 
and the latitude lines from side to side. The net shown is graduated 
in intervals of 2®, but much larger nets can be obtained up to j'o cm. 
in diameter, accurately graduated in intervals. 

The manipulation of the stereographic net is analogous to the 
movement of the transparent cap over the ruled globe. The reference 
circle with the projected points is drawn on tracing paper to the same 
scale as the net. The tracing is then placed centrally over the net 
and held through its centre by means of a pin which leaves it free 
only to rotate. To measure the angular distance between any two 
points P, Q in the projection, the tracing paper is turned round the 
centre pin, until P and Q both lie upon the same meridian circle, 
which corresponds to one of the great circles on the sphere. The 
angle between P and Q is then measured as the difference in latitude. 

Spherical and Stereographic Projection of a Crystal — 
Standard Forms. A spherical projection of a cubic crystal is 
illustrated in Fig. 172 (a). The fourfold axes which are the lattice 
directions [001] intersect the sphere in the points marked □,'^wEile 
the intersections of the twofold [no] and the threefold [m] axes 



Fig. 172. — {d) Spherical projection of a cubic crystal. 

0 ^ □ Poles of 2-fold, 3-fold and 4-fold axes. 

{b) Stereographic projection of a cubic crystal. The point P represents the stereo- 
graphic projection of the axis of the wire upon the basic circle (001). 

are indicated by the symbols Q ^.nd A respectively. The planes to 
which these lattice directions are the normals intersect the reference 
sphere in great circles as shown in the figure. The surface of the 
sphere is thus divided into 48 equivalent spherical triangles. 

The stereographic projection upon the equatorial plane of the 
cubic crystal with [001] as the projection pole is shown in Fig. 172 (^). 
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The basic circle is divided into 24 curved triangles, since the projec- 
tions from the North and South hemispheres coincide. The triangles 
are angle-true but not area-true. Such a stereographic projection of 
the poles of the most important planes of a crystal, the low index 
planes, is termed a standard projection. Standard projections of 
cubic crystals may be had with (001), (no), (112), (130), and (iii) 
as the projection plane.^*®^ The projections are constructed by 
calculating the angles between the poles and crystallographic axes and 



Fig. 173. — Pole figure of Mg-crystal about hexagonal axis [oooi]. 

The indices are those of the normals to the planes. The size of the spots corresponds to the 
intensities of the X-ray reflexions from the planes. 

laying off these angles with the aid of a Wullf’s net. A table of 
angles for cubic crystals is given on page 270. In the cubic system, 
and only in the cubic system, can a standard projection of poles of 
planes also serve as a standard projection of crystallographic direc- 
tions of similar indices, for only in this system is the direction \hkF\ 
perpendicular to the plane (hkl) for all values of the indices h, k and /. 
A standard projection for a hexagonal crystal upon the basal plane 
(pool) is given in Fig. 173. 
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Representation of Orientation of Single Crystal Wire. A 
standard projection enables us to represent in a convenient manner the 
orientations of single crystal wires, rods or discs. The specimen axis 
is indicated on the projection as a point such as P in Fig. 172 (^) at 
the requisite angular distances from the axes of the crystal. It is not 
essential to draw the whole of the standard projection before plotting 
the axis P in it, as all the necessary information may be obtained by 
referring it to the three neighbouring poles [100], [no] and [m] 
which specify one of the 24 equivalent triangles in the projection. 
Generally, only one of these triangles or two adjacent triangles are 
drawn before drawing in the orientation of the specimen axis. 

Single Crystals, their Growth and Properties. A full 
understanding of the physical and mechanical properties of poly- 
crystalline metals would demand complete knowledge of the single 
crystals of which they are composed. In spite of the considerable 
amount of work undertaken on this subject, our knowledge is still 
insufficient to offer a completely satisfactory explanation of the 
observed strength s of metals. 

Single crystals of metal can be divided into two classes, sofs or 
ductile^ and brittle. Brittle crystals have very little tensile strength 
and snap clean through without any appreciable increase in length. 
In what follows we shall only consider ductile crystals which form the 
basis of the more important commercial metals, but which, when 
examined alone, exhibit astonishing differences from the polycrystal- 
line aggregates of which they form a part. 

Crystals of metals grow from nuclei in the cooling fused mass. 
A polycrystalline metal results from growth starting out from several 
nuclei. To obtain single crystals, the method of J. Czochralski 
may be used. A thread of the crystal is drawn slowly upwards out of 
the fused mass at a speed corresponding to the rate of growth of one 
of its crystal faces. This speed is determined by trial and error. By 
means of a suitable grafting stick, circular crystals with a given orien- 
tation can be produced with a diameter of a few millimeters and a 
length of 20 cm. or more. A second method of producing single 
crystals developed by H. C. H. Carpenter and C, F. Elam is 
foimded upon the principle of recrystallixation after stretching. The 
material is given a preliminary anneal to remove any initial strain. It 
is then stretched plastically by about 2 per cent., after which it is 
subjected to a final heat treatment lasting several hours. The precise 
amount of preliminary stretch and the time and temperature of the 
anneal must be found by trial-and-error methods. Typical results 
fromaluminium are shown in Fig. 174. (See also Fig. 154 on page 2 31.) 
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Unlike polycrystalline aggregates or amorphous materials like 
glass, a single crystal is strongly directional in character. The 
anisotropy owes its origin to the marked variations in spacing between 
the rows and planes of atoms which differ according to the directions 
in which they are measured and which, in turn, influence the magni- 
tude of the cohesive forces along these directions and planes. The 
symmetry of the lattice is thus displayed by the directional values of 
the elastic moduli in much the same way as it is revealed by the 
bounding faces of a perfectly developed crystal. In Fig. 175 are 
shown a number of such models for single crystals of cubic and 
hexagonal metals. 

The Geometry of Simple Glide. Single crystals of ductile 
metals require only the most minute forces to exceed the elastic limit 
and enter the region where plastic (permanent) deformation begins. 
It is not uncommon to extend single crystals several hundred per cent, 
by the application of small tensional forces. The extension does not 
take place smoothly as the load is applied, but in a series of discon- 
tinuous small jumps each accompanied by a noise like the ticking of a 
clock.^®® ^ The surface of the crystaljOriginally smooth, now becomes scaly. 

The movement "which takes place is a shearing of the crystal upon 
certain ‘‘glide planes” and is, in many ways, closely analogous to the 
behaviour of a pack of cards when subjected to shearing forces. The 
scaly appearance of the once smooth surface of the crystal is due to the 
formation of “glide ellipses” which are produced during the course of 
the extension. In face-centred cubic and hexagonal close-packed 
metals, the glide plane is the one with the greatest density of atoms, 
and the direction in which glide takes place is the one with the greatest 
line density of atoms. As glide proceeds, the resistance to extension 
increases. That is, the metal becomes strairi’-hardened by local 
deformation of the glide planes by an amount dependent on the rate 
of applying the load. 

Conditions of glide are simplest for hexagonal close-packed 
crystals. Glide normally takes place on the basal planes (0001) in the 
direction of the Digonal Axis I [i2io], [1120] or [2110] whichever 
is nearest to the direction in which load is applied. In face-centred 
cubic crystals, glide takes place on the octahedral planes (m), of 
which there are four sets, and in the direction [i 10] which is the row 
of closest packing. Conditions are rather more complex for body- 
centred cubic metals, for although the most closely packed rows [i 1 1] 
are always the directions of glide, the (no), (112) or (123) . planes 
may function in turn as planes of slip according to the element and 
the temperature.^®^^ 



E-Modulus Fe. 


Rigidity Modulus Fe. 



E-Modulus Mg. E-Modulus Zn. 

Fig. 175- Elasticity moduli for single crystals of various metals. 
(E. Schmid and W. Boas, Kristallplasti^nitdt,) 
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Fig. 177.— Slip-band formation in single-crystals of metal. 
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The gliding process is most easily studied in hexagonal close- 
packed crystals. In Fig. 1 765 due to M. Polanyi/®^^ is shown a model 
of a cylindrical zinc wire, represented by a pile of wooden discs of 
equal thickness whose upper and lower faces are the (0001) planes of 
the single crystal. The crystallographic orientation is shown by the 
hexagon on the topmost face and the arrow through one of the apexes 
shows the position of a Digonal Axis I, which is a direction of greatest 
row density in the lattice. If the crystal is stretched, then in the 
model the wooden discs slide over one another in the glide direction, 
as shown in Fig. 176 (r), which is the direction of that Digonal Axis I 
for which shear stress is greatest. 



Fig, 176. — Polanyi’s Model of Gliding in Zinc, 

The crystal moves in “blocks” or “glide lamellae”, for although 
every lattice plane (oooi) is a possible slip plane, not all of them 
function at once. Owing to lattice distortions which are ultimately 
produced as strain hardening sets in, there is a limiting thickness for 
the glide lamellae which is of the order of i o cm.^®®’ As a result of 
the gliding, the cross-section of the wire changes from a circular 
section to an ellipse, so that the wire becomes flattened in the course 
of the extension (Fig. 177). By taking X-ray photographs, it is 
possible to determine the orientation of the lattice with respect to the 
axis of the wire and thereby obtain the indices of the glide planes 
and the glide directions. 

The glide elements of a number of metals are given below in 
Table XVII. Where glide elements are not crystallographically 
equivalent to each other, they are listed in order of the frequency with 
which they are found to occur. 
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Flexural Glide. If, in subjecting the crystal to tensional forces, 
only simple gliding as described above took place, the final appearance 
of the crystal would be similar to that shown in Fig. 1 78 (- 5 ), where the 
change in length is accompanied by a change in the direction of the 
wire axis. But since the ends of the crystal are held in line by the 
grips of the tensile machine, the glide planes are forced to change 




Fig. 179. — Stereogxaphic projection showing glide in zinc crystal. The axis of the crystal 
moves from F to Q in the direction of the Digonal Axis II. 

(C. F. Elam, Distortion of Meted Crystals^ Oxford University Press.) 


their original angle of inclination. This is accomplished by flexural 
gliding whereby the lattice planes become curved in the region of 
the unstretched portion of the crystal as shown in Fig. 178 (r). It is 
evident that the heavily distorted regions are the points of greatest 
lattice stress. The movement of the normal of the slip plane relative 
to the axis of the wire for a zinc crystal is illustrated by the stereo- 
graphic projection shown in Fig. 179.^®^^ 

Critical Shear. As a result of the researches of G. 1 . Taylor 
and C. F. Elam and of E. Schmid, it has been conclusively established 
that glid^ occurs whenever the tension in the wire generates in the 
glide plane and glide direction, a component of shearing stress which 
exceeds a certain critical value. 




TABLE XVII 

Glide Elements and Feacture Planes or Metal Crystals (after E. Schmid & W, Sons.— KrislallfJaslixitSt) 
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Let T be the tensional stress per unit area in the wire acting on a 
cross-section q perpendicular to the axis as shown in Fig. 1 80 (a). 
Further, let % be the angle between the axis and the glide plane G, 
and X the angle between the axis and glide direction g. The com- 
ponent of force in the direction of glide is T cos A, and this acts over 
the area q/sin % over which gliding takes place. Thus the component 
of shearing force per unit area in the direction of glide is equal to 

^^rcosAsin;; . . . . (i) 

When S exceeds a critical value dependent on the crystal and the 
temperature, glide commences upon the lattice plane. It follows 
from equation (i) that conditions for slip are least favourable when 
the glide plane is nearly parallel to the axis of the wire, when % » o, 
and when the glide plane is nearly normal to the axis of the wire, 
X W 90°. The most favourable positions for glide are those where 
the glide plane has a moderate slope. The maximum value of 
occurs when A = % = 45®. A more rigorous analysis of the problem 
takes into account the effect of internal friction. The value of % then 
turns out to be slightly higher than 45°, a result which agrees with 
experiment. 

Multiple Glide. A face-centred cubic crystal such as aluminium 
has four pairs of parallel octahedral faces comprising the form {111} 
and in each octahedral face there are three directions of greatest row 
density of the form io)>. If we imagine a single crystal of alumi- 
nium to be subjected to a tensional force, gliding will take place 
along the glide plane and glide direction for which the resolved 
shearing force is greatest. If the extension is continued, the flexural 

Glide 



Fig. I So. — Glide Planes'and Glide Directions in single crystals subjected to tensile stress. 



Fig. i8i. — Formation of Xwins. 

(а) Twins in calcite produced by pressure of a knife-blade. (According to Baumhauer.) 

( б ) Twins in a-brass. 

(c) Neumann bands in pure iron X 350. (Pfeie.) 
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glide will rotate this glide plane into a less favourable position, and, 
as the extension proceeds, another (iii) plane and [no] direction 
will become just as favourably placed. The extension will then 
continue as a sequence of alternate slips, some on one set of glide 
planes and some on the other, a process referred to as multiple glide. 

Twinning. A crystal is said to be twinned if it is made up of 
two portions which are symmetrically related to each other. The 
best*-known example is to be found in calcite, in which twins may be 
formed by pressing a knife into a polar edge of a calcite rhomb as 
illustrated in Fig. 1 8 1 (^). The twin is generated by a glide of a 
definite amount^ with the glide plane horizontal and the glide direction 
that of the rhombohedral edge. Such gliding, which takes place in 
one glide system only, is termed a “simple shift”. Only a very 
definite amount of shift by one lattice plane on its neighbour is per- 
missible, for conditions are stabilized once the twin has formed. 

Twins may, in general, be produced in two distinct ways, namely 
those formed by deposition from the molten mass on cooling, and 
those produced by severe mechanical deformation or shock. In 
metals the traces of twins may be observed in the surface of an etched 
specimen due to the different etching characteristics of the planes 
exposed by each portion. Twins in a-brass are shown in Fig. 1 8 1 (^). 
The fine pattern of lines known as Neumann bands (Fig. i8ir) which 
are produced in a -iron upon impact are the traces of twins with a very 
thin cross-section. 

The two symmetrical portions forming a twin are related by 
definite laws. One half of the twin may be imagined to be derived 
geometrically from the other by rotation about an axis termed the 
twinning axisy or by reflexion across a plane. In the latter case, 
rotation about any axis does not make the two parts alike, whereas 
rotation twins are also usually reflexion twins. The twinning axis in 
a rotation twin is not necessarily at right angles to the twinning plane, 
nor is the plane which separates the twin from the parent crystal 
necessarily the plane of twinning. Simple gliding will not produce 
twinning, for, in simple glide, the lamellae move past each other in 
an arbitrary number of interatomic distances and the relative orien- 
tation of the lattice in the sheared portions remains unchanged. To 
produce twinning, the relative orientation of the lattice in the two 
portions of the twin must he different. This is accomplished by 
moving the atoms in small local shifts by an amount which is less than 
the interatomic distance measured in the direction of shear. The 
natuj-e of the deformations produced by gliding and twinning are 
illustrated in Fig. 182. 
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Twinning is important for the following reason. When a crystal 
is subjected to tensile or compressive forces the crystal deforms under 
the resolved shearing stresses upon certain glide planes. As the 



Fig. 182. — Deformation by slipping and twinning. In both cases the plane upon which 
movement t^es place is the same. '(C. F. Elam.) ' 

deformation continues, flexural glide sets in, which rotates the glide 
lamellae into positions unfavourable for further deformation. If the 
stresses are severe enough, twinning occurs and produces new orient 
tations which favour the continuance of deformation by gliding upon 


TABLE XVIII 

Twinning Planes and Twinning Axes for Various Metals 
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Metal 

Crystal Type 
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a fresh set of slip planes. A list of twinning planes for a number of 
metals is given above in Table XVIIL 

Kinking. When long single crystals of hexagonal metals such 
as zinc or cadmium are grown with the glide plane (oooi) nearly 
parallel to the wire axis, the orientation is unfavourable to the opera- 
tion of the usual glide mechanism under the action of tensile or bend- 
ing loads. If compressive loads are applied, the crystals suddenly 
collapse, forming kinks with sharp ridges and regular curvatures as 
shown in Fig. 183. The deformation cannot be ordinary glide or 
twinning on account of the regular curvatures and the non-crystallo- 
graphic orientation of the planes determined by the ridges. 

X-ray studies by E. Orowan^®^^ show that 
the kink has- the structure of Fig. 183 (r). 

In addition to the- curved regions where the 
lattice is subjected to flexural glide, the deformed 
crystals contain the planes kk' in which the 
glide lamellae are so sharply bent that they 
appear broken. The plane of kinking, need 
not be a crystallographic plane. Since the 
lattice in the kink is not a mirror image of 
the undeformed lattice in the plane of kinking, 
the two portions are not the components of a 
twinned crystal. 

When mild steel is subjected to stress, the 
test-piece is covered by stress marks known 
as-Liider^s lines. These are related to kink 
bands, and it is suggested that the deformation 
producing the sharp yield point observed in 
mild steel may begin with kinking instead 
of glide or twinning. 

Fibre Structures. In the production of an ideal Debye- 
Scherrer powder photograph, an important feature is the complete 
randomness of orientation possessed by the crystal grains which con- 
stitute the irradiated specimen. At any given setting of the powder 
specimen, only a very small fraction of these crystals are in a position 
to reflect. Thus, a stationary specimen tends to produce spotty, 
discontinuous haloes if insufficient grains are bathed in the incident 
radiation. In order to bring other crystals into a position where 
they too can make a contribution to the diffraction rings, the specimen 
is continuously rotated. In this way, the fullest use is made of all 
the crystals in the specimen and perfectly uniform, continuous haloes 
are thereby recorded. 



Fig. 183 (r.) — Structure of 
the kink in Fig. 183 (a). 

Thin parallel lines, glide planes. 
Broken lines, boundary of 
the wedge-shaped regions 
of flexural glide. Dash- 
dotted lines, k and planes 
of kinking. 
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If, now, instead of a, powder, the specimen consists of a poly- 
crystalline cold-drawn wire or a narrow strip of cold-rolled sheet, we 
find that the Debye-Scherrer rings are no longer continuous and 
uniform, but exhibit regions of locally enhanced intensity, while 
adjacent portions of the haloes are considerably weakened (Fig, 1 84^). 
These discontinuities are a direct consequence of the preferential 
orientations of the crystals. The action of drawing, rolling, extruding 
or forging results in breaking up the original large crystal grains and, 
by flexural gliding, rotates the fragments into a definite preferential 
orientation with respect to the direction in which the metal has been 
worked. The final result is always the same for a given type of 
operation and does not depend on whether the starting material was 
originally a single crystal or a polycrystalline mass. The departure 
from complete randomness of crystal orientation leads directly to the 
formation of intensified and weakened regions in the Debye-Scherrer 
haloes. 

X-ray patterns from cold-drawn wire and sheet bear a striking 
resemblance to the diflffaction patterns from cellulose, asbestos fibre, 
or stretched rubber. In all these materials, the minute crystal grains 
are so arranged that a definite crystallographic axis lies parallel to 
the axis of the fibre. By analogy, the orientation texture imposed 
upon worked metals is termed a fibre structure and the special types 
of X-ray photograph which they produce are referred to as fibre 
diagrams. 

The effect seems to have been observed first of all by Nishikawa 
and Ono as long ago as 1913,^^®^ seven years later by N. Uspenskij 
and Konobejewski,^®^^ and, shortly afterwards, independently by 
K. Becker, R. O. Herzog, W. Jan eke and M. Polanyi.^^®^ This 
discovery of a fibre structure in cold-worked metals is of special 
importance, for the physical and mechanical anisotropy which such 
metals exhibit must be a direct consequence of the mechanism by 
which plastic deformation proceeds. X-ray methods present a 
specially favourable means of studying this mechanism, particularly 
in fine-grained materials. 

There are important points of difference between the fibre struc- 
tures of wires and the fibre textures imposed on sheet. In a wire a 
definite crystallographic direction, or zone axis, tends to lie along the 
longitudinal direction of the wire, and with this limitation only, the 
crystals may have any angular orientation about the fibre axis, as shown 
in Fig. 185 {a). Thus it follows that whatever the setting of the 
wire specimen, provided the X-ray beam is always at right angles 
to the axis of the wire, and therefore to the fibre axis, the X-ray 




(^) {b) 

Fig. I S3. — Deformation of Cd single cr^'stals by 
(E. Orowan, Nature^ 149 , 643, 1942.) 


‘Kinking 



(^) (*) 

Fig. 1S4. — ^“Fibre” diagrams. 

(£2) Cellulose fibre. Fibre axis vertical (Astbury). 

{b) Aluminium wire. Wire axis vertical. Mo.^a radiation (Clark). 
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Fig. 1 8 6 . — Orientation patterns from straight-rolled molybdenum sheet after 93 per 

cent cold reduction. 

(a) X-ray beam perpendicular to rolling direction. 

(b) X-ray beam parallel to rolling direction. 

Cu Ka radiation. Cross-section of beam, i mm^. Specimen bent in the form of a U with the X-ray 
beam at glancing angle to curved surface in order to avoid shadow effects as produced by a flat specimen, 
and thus obtain whole pattern. Etched surface. 

(C. E, Ransley and H. P. Rooksby, y , Inst. Met., 5 (i), 29, 1938.) 
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pattern will always be the same. In these circumstances it is quite 
unnecessary to rotate the wire in taking the Debye-Scherrer photo- 
graph, since no new orientations are thereby introduced. 

With sheet, the situation is rather different. Here the texture 
is dependent upon several factors, namely whether the sheet is^ forged 
or rolled, the number of passes, the reduction per pass, the diameter 
of the rolls, the amount of friction between the rolls and the metal, 
and on many other factors which dijffer from alloy to alloy and from 




( 6 ) Rolled Fe sheet [100] parallel to direction of rolling R.D. — (100) in plane of rolling. 

Fig. 185- 


operator to operator. As a general rule, a definite crystallographic 
plane lies parallel to the rolling plane, and a specific zone axis lies, 
or tends to lie, parallel to the rolling direction. For example, in 
rolled iron or molybdenum sheet which has undergone heavy reduc- 
tion, all the individual crystallites lie with a cube face (lOo) parallel 
to the rolling plane and with a face diagonal [no] parallel to the 
rolling direction (Fig. 185^5). The X-ray fibre pattern obtained 
from sheet is different according to whether the direction of the 
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incident beam is parallel or perpendicular to the rolling plane> even 
though in each case it is incident normally to the rolling direction. 
The elfect for rolled molybdenum sheet is illustrated in Fig. 186. 

A cold-drawn aluminium wire has a texture imposed upon it such 
that a [ill] direction in the crystal lattice of each grain is oriented 
in the direction of drawing, but apart from this restriction, the crystal 
grains may have any, orientation whatever about the axis of the wire. 
With the X-ray beam normal to the axis of the wire, each crystallite 
gives the pattern of a single crystal rotated about the [iii] zone 


Y 



Fig. 187. — Characteristic pattern of a wire from a face-centred cubic metal with [m] crystallo- 
graphic direction parallel to wire axis. Reflexion spots lie at the intersection of “layer 
lines” and Debye-Scherrer circles. Wire axis vertical. 


axis, and since all the grains have a [m] direction parallel to the 
axis of the wire, the resulting photograph is merely an enhanced 
single crystal pattern. With a perfectly developed preferred orien- 
tation, the Debye-Scherrer haloes contract into strongly localized 
spots. These spots lie on the intersections of the Debye-Scherrer 
haloes and the layer lines of a single crystal with [m] as rotation 
axis. The effect is illustrated in Fig. 187. 

In practice, the orientation of the crystals in wire and sheet is 
seldom perfect. We usually find a statistical distribution or “scatter” 
of the crystal axis and planes with regard to some average fibre 
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direction. The effect of the scatter is the same as introducing a small 
amount of randomness into the orientations of the crystals, thereby 
increasing the circumferential lengths of the locally enhanced arcs, 
an effect customarily referred to as peripheral widening which must 
not be confused with the radial broadening resulting from small grain 
size. In a later section we shall develop methods of determining 
and expressing these departures from an ideal orientation. 

The preparation of fibre diagrams may be carried out in a number 
of different ways. Transmission and back-reflexion Laue photo- 
graphs utilizing white radiation, Debye-Scherrer photographs, or 
surface reflexion methods have all been successfully applied. Any 
standard cylindrical Debye-Scherrer camera, as described in Chapter V, 
will reveal preferred orientation. To make a full investigation of the 
orientation texture it is generally more convenient to record the 
diffraction haloes as full circles upon a flat film. It is seldom neces- 
sary to exceed 5 cm. for the specimen-film distance so that cameras 
of large radius are not required. 

The orientation texture of wire or sheet can be deduced quite 
accurately from a study of the lowest orders of reflexion. If a hard 
radiation such as Mo Ka or Ag Ka is employed, the absorption by the 
specimen is low. Thus in a wire, the whole of the cross-section is 
irradiated and the fibre pattern is an average for the whole of the 
wire. On the other hand, a softer radiation such as Cu, Ni, Co or 
Fe Ka may fail to penetrate to the core of all but the very lightest 
of alloys, and so the fibre diagram is representative only of the outer- 
most layers of the specimen. Further information for different 
depths below the surface may be obtained by etching away successive 
layers and taking photographs at each stage. Fibre diagrams for 
hard-drawn copper wire subjected to this manner of investigation are 
shown in Fig. 193. 

To study the texture in sheet, transmission pictures are most 
commonly used, although surface-reflexion methods are also some- 
times employed. In some cases, thin strips of metal are cut from 
the sheet in the rolling or cross direction and these are rotated in the 
X-ray beam in the same manner as a specimen of wire. Such speci- 
mens should be etched down to the final dimensions in order to remove 
the edges which sustain severe cold-work in cutting and filing the 
specimen to shape. 

The Determination of the Fibre Axis in Drawn Wires. 

It is a straightforw'ard matter to index the diffraction rings of the 
Debye-Scherrer haloes from randomly oriented crystals or the shorter 
enhanced arcs or spots from fibred hexagonal or cubic metals. If r 
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is the radius of a given halo and a is the distance between the flat 
film and the specimen (Fig. i 8 8), the Bragg angle 0 is easily obtained 
from the expression 

tan 20 = - . . , . (i) 

a ^ ^ 

The angles at which the haloes appear depend only upon the inter- 

planar distances and the wavelength of the radiation employed. For 

convenience, a few of the low order reflexions in cubic and hexagonal 

crystals in order of sequence from the centre spot are listed in Table 

XIX. With a little experience, the investigator will be able to index 

the cubic reflexions at a glance. This is not immediately possible 

with hexagonal crystals, for the sequence of the spectra depends on 

the axial ratio of the unit cell. 


TABLE XIX 

Order of Appearance of Debye-Scherrer Haloes for Cubic and Close-packed 

Hexagonal Metals 


Face-Centred Cubic 

Body- Centred Cubic 

Hexagonal Close-Packed Lattice 

Indices 

hkl 

A* + A® - 1 - /a 

Indices 

kJd 

h ^ + k ^ + P 

c/a — 1*633 
Ideal Case. 
Mgc/d£ ~ 1*62 

cja = 1*86 
(Zn) 

III 

3 

no 

2 

loYo 

0002 

200 

4 

200 

4 

0002 

lOIO 

220 

8 

2 II 

6 

loTi 

loTi 


II 

220 

8 

1012 

1012 

222 

12 

310 

10 

1120 

1013 

400 

16 

222 

12 

1013 

1120 

331 

19 

321 

14 

2020 

0004 

420 

20 

400 

16 

1122 

1122 



1^24. ^2 + 


sin^ 0 = 


! 



©T S) 


We must now attempt to correlate the positions of the enhanced 
portions of the Debye-Scherrer rings with the fibre texture of the 
specimen. Consider a crystallographic plane {hkV) whose normal ON 
makes an angle a with the axis of the wire OP, shown vertical in 
Fig. 1 88 . Let us suppose the wire to be rotated about its own 
axis perpendicular to the incident X-ray beam so that the normal to 
the plane traces out the surface of a cone. At some stage in the 
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rotation, the crystallographic plane will move into a position which 
satisfies the Bragg condition, and a reflexion will flash out to give a 
spot on the appropriate Debye-Scherrer ring, the azimuthal position 
d at which it occurs being a function of a and the Bragg angle d. 
In general, there will be four opportunities for a reflexion to occur 
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axis XX^ as shown in Fig. 189 (<«). On the other hand, if ON 
coincides with the axis of the wire, the X-ray beam will lie in the 
crystallographic plane whatever the angle of rotation and the condition 
for a reflexion will never be attained. There is also the possibility 
that a will just equal the Bragg angle d. In such a case, 5 = o and 
two reflexion spots appear diametrically opposite each other on the 
vertical axis TT' as illustrated in Fig. 189 {F). 

It will be evident, then, that we may deduce the orientations of 
the lattice planes in the wire by measuring the azimuthal positions of 
the intensity maxima in the Debye-Scherrer arcs. The relation 
between 6, a, and d takes a very simple form for a wire rotating at 
right angles to the incident beam and is 

cos <5 = .... (2J 

COS 0 ^ ^ 


This result may be ob- 
tained most readily by the use 
of spherical trigonometry. A 
spherical triangle is the 
region on the surface of a 



a 


Fig. 190. — Spherical Triangle. 



Fig. 1 9 1. —Relationship between a, <5 and 0 . 
cos S = cos a/cos B* 


sphere bounded by the intersecting arcs of three great circles. The 
curved sides of the spherical triangle ABC shown in Fig. 1 90 subtend 
angles c at the centre of the sphere. Useful relationships 

between the angles are 

sin a sin b sin c 

sin A sin B sin C 

cos a = cos b. cos c -f* sin b, sin c. cos A 

cos h — cos c. cos a -f- sin c. sin a, cos B 

cos c = cos cos b -f- sin a. sin b, cos C 


and 
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Let us describe a reference sphere about the reflecting plane at 
O as centre (Fig. 191). The incident ray QO, the normal ON to 
the reflecting plane, and the reflected ray OA must all lie in the same 
plane ANQOT which traces a great circle ANQ on the reference 
sphere. The axis of the wire cuts the sphere in the pole P. The 
Debye-Scherrer ring containing the reflexion spot A is represented by 
the latitude circle TAXT' . The angle Q equals <5, the angle TTA, 
while the arc of the great circle through P and N subtends the angle 
a. Since the normal ON to the reflecting plane must make an angle 
of 90 — 6° with the incident ray OQ, it follows that arc NQ = 90 — 6°. 
The spherical triangle P QN immediately gives 

cos a = cos (90 — 0) cos 90 + sin (90 — 0) sin 90 cos <5 
and therefore 


cos d 

which is the relation required. With a hard radiation such as Mo 
or Ag Ka, the reflexion angles d for the low orders of most metals 
are small. Hence, we may write d = a. since in such cases cos d is 
approximately equal to unity. 

By measuring the fibre diagram, we obtain a list of reflexion haloes 
and appropriate values of d for the positions of the intensity maxima 
in the intensified arcs. To determine from the 0’s which crystallo- 
graphic axis [uvw] lies parallel to the axis of the wire, we require to 
know the angle « between the normal to the lattice plane and 

the zone axis [uvw]. For a cubic lattice, this angle is given by the 
relation 


Values of « 
Table XX. 


hu + kv + lw 

+ -y* + 4- -t- p ■ ’ ^ ^ 

from a paper by Bozorth are tabulated below in 


In Fig. 1 87 is shown an idealized fibre diagram of aluminium wire 
taken with silver Ka radiation. Since the angles 0 are necessarily 
small, we may take 0 = a. The innermost halo is the 1 1 1 reflexion. 
There are four points on it, the angle 5 being 71°. Hence a = 71°. 
Looking in Table XX for an angle of 71° related to the plane (i 1 1), 
we find it against the zone axis [1 1 1]. Hence [|i 1 1] is probably the 
fibre axis. Now the in reflexion may arise from any of the octa- 
hedral planes (in), (Tn), (iTi) and (nf), and the other four 
parallel to these. Using equation (3), we find that for [n i], a = o, 
which corresponds to a = o in the table, while for the remainder, 
^ 32^- If [n i] really is the fibre axis, the X-ray beam which 

is normal to it lies in the (i.i i) plane so that a reflexion from (in) 
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is impossible. Only a four-point pattern with d = 70° 32' can 
appear by reflexion from the remaining planes. 

The third ring 220 is the second order reflexion from the (no) 
planes. We obtain <5 values from the diagram as follows: 

(no) (loi) (on) 5 = 35° 

(Tio) (loi) (oil) d — 90° 


TABLE XX 

Angles Between Crystallographic Planes in Crystals of the Cubic System 

(R, M. Bozorth, PAys. Rev., 26, 390, 1925)' 

Values of a, the angle between {HKL) and {Akl) or zone axis [uvw’] 

o rzz.n 


{HKL) {Akl) 
[««w] [Akf\ 


and [AkL]- 


100 


no 


III 


100 

no 

ni 

210 

211 
221 
310 

320 

321 

no 

in 

210 

211 
221 

310 

311 

320 

321 

in 

210 

211 
221 

310 

311 

320 

321 

210 

211 
221 

310 

311 

320 

321 


0° 

45° 

54° 44' 
26" 34' 
35° 16' 
48° ii' 
18° 26' 
25° 14' 

33° 41' 
36" 43' 

0° 

35° 16' 

18° 26' 
30° 

19° 28' 
26° 34' 
31° 29' 
11° 19' 
19° 6' 

0° 

39° H' 
19° 28' 
15° 48' 
43° S' 
29° 30' 
61° 17' 
22° 12' 

0° 

24° 6' 
26° 34' 
8 ° 8 ' 
19° 17' 

7° 7' 
17° i' 


9°o 

9° 

63° 26' 
65° 54' 
70° 32' 

71° 34' 

72® 27' 
56® 19' 
57° 42' 

60° 

90® 

50° 46' 
54° 44' 
45° 

47° 52 
64® 46' 
53° 58' 
40° 54' 

70° 32' 
75° 2' 
6i° 52' 

54° 44' 

68 ® 35' 

58° 31' 

71° 19' 
51° S3' 
36° 52' 

43° 5' 
41° 49' 
58° 3' 
47° 36' 
29° 45' 
33° 13' 


90 


90 

90® 

74° 30' 

90° 

71° 34' 

73° 13' 
76° 22' 
63® 26' 
90° 

66° 54' 

55° 28' 


90 

78® S4' 

79° 58' 

72® i' 

53 ° 8 ' 
56° 47' 
53° 24' 
45° 

66 ° 8 ' 
41° 55 ' 
53° 18' 


9° 

90® 

77° 5' 

78° 41' 

67® 48' 


79 


6 ' 


90° 



66® 25' 

78° 28" 

90° 

79° 29' 

90° 


63® 26' 

72® 39 

90® 

64° 54' 

73° 34' 


82® 15' 



60° 15' 

68° 9' 

75° 38' 

61® 26' 

70° 13' 

83® 8' 


82® 53' 

90® 



GRAIN ORIENTATION 


271 



From equation (3) or from the table, we again find that only the [iii] 
fibre aids will give these values, namely 35° 16' and 90° This 
confirms that a [i 1 1] lattice direction lies in the axis of the wire. 
For rings outside 220, it is no longer permissible to use the approxi- 
mation d = X and the more exact relation given in equation (2) must 

be employed. These outer rings again confirm [ml as the fibre 
axis. 


Departure from a Perfect Fibre Structure. With a per- 
fectly developed fibre structure in aluminium wire, a [i 1 1] zone axis 
^ §^3.in lies in the direction of the axis of the specimen 

Thus, if the incident beam is perpendicular to the wire, it must also 
lie_in the (iii) plane and, for the innermost halo, only the (Tii), 
(ill), etc., planes move into a reflecting position as the wire rotates 
about Its axis, producing, as we have already seen, a tjqiical four-point 
diagr^. Now, in general, the orientation will seldom be perfect 
and there will be a statistical deviation or angular scatter of the [111! 
lattice directions of the respective crystals about a mean position. 









/ 



\ 


(c) Etched down to i*o mm. 



I 

(J) Etched down to 0-4. mm. 


Fig. 193.— Zonal texture of hard-drawn copper^ wire revealed by diffraction patterns 

from etched specimens. 


(E. Schmid and G. Wassermann.) 
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nature of the cold-work applied and the heat treatment, but also, to 
a large extent, on the composition of the specimen. 

Zonal Texture of Wires. Wires drawn through dies exhibit 
zonal structures in which the grains become more perfectly oriented 
as the centre of the wire is approached. This is strikingly displayed 
by the X-ray patterns of hard-drawn copper wire, taken after etching 
away successive layers from the surface (Fig. 193). In the outer- 
most skin of the wire, the effect of the die has been to keep the grains 
with a [hi] axis nearly parallel to the direction of drawing. Slightly 
below this the flow is distinctly conical, while the innermost portion 
again has a perfect fibre structure with [in] accurately in line with 
the axis of the wire. Table XXI expresses the findings of Schmid 
and Wassermann on the zonal texture of copper wire. 

TABLE XXI 

Zonal Texture of Hard-drawn Copper Wire 

Distance of Layer Inclination Angle a 

from centre, in 

millimetres degrees 

1*75 2 

1-6 9 

1*3 6 

0*9 4 

0*4 o 

It was also found that the tensile strength of the centre portion 
was greater than that of the wire as a whole. Results for two speci- 
mens of copper wire were as follows : 


I. Original diameter 



4-85 mm. 

Tensile strength 
Kg/mm .2 

38-3 

Etched to . 



3-20 mm. 

41-3 

Drawn to . 



3*20 mm. 

45-2 

2. Original diameter 



1*75 mm. 

46-1 

Etched to . 



i-oo mm. 

52-8 

Drawn to . 

. 


I'OO mm. 

51-0 


The enhanced tensile strength of the centre of the wire may be 
explained in the following manner. The shear stresses set up by 
the tensile forces tend to make the planes of highest atomic density 
slide over one another. In copper, these are the (i 1 1) planes. 
Since the greatest resolved shear stresses are at 45® to the axis of the 
wire, deformation by slip will be easiest for all (i 1 1) planes inclined 


K 
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at this angle, while resistance to shear will be a maximum for all (i 1 1) 
planes lying perpendicular to the direction of pull. Since in copper 
wire the central portion has a [m] crystallographic direction in the 
axis of the wire, the (i 1 1) plane belonging to it must lie at right 
angles to the direction of pull and so the resistance to deformation 
attains a maximum value. (See also Chapter IX.) 



Fig. 194. — Schematic representation of the zonal texture of hard-drawn Cu wire (r/. Fig. 192). 

The directions of tie fibre axes and the degree of preferred orientation are represented 

by the directions and lengths of the arrows. 

(E. Schmid and G. Wassermann.) 

Because of the conical zonal structure to be found in the wire 
(Fig. 194) the drawing and counter-drawing directions are not 
equivalent, and therefore a plane lying perpendicular to the axis of 
the wire is not a symmetry plane as far as the orientation texture is 
concerned. 

Multiple Fibre Structures. When the wire possesses a simple 
fibre structure, only one zone axis lies parallel to the axis of the wire. 
The fibre structure may be much more complex in a manner which 
depends entirely on the metal and the precise drawing technique 
employed in manufacture. We may, as a result of a modified tech- 
nique, induce two discrete groups of crystal grains, each having a 
definite, though different, crystallographic direction parallel to the 
axis of the wire. Such a dual texture is spoken of as a double, or 
multiple, fibre structure. 

E. Schmid and G. Wassermann have studied the texture of 
the face-centred cubic metals Al, Cu, Au and Ag and find that both 
[in] and [lOo] directions may lie parallel to the wire axis, the precise 
distribution of the orientations being dependent on the metal. This 
is brought out in Table XXII, where, in addition, the scattering round 
the [100] preferred orientation will be seen to be twice as great as 
the scatter round [n i]. 

Hexagonal metals also exhibit a lack of homogeneity in their 
drawing textures. Zinc, for example, reveals a double conical or 
“spiral” fibre texture, beneath an outer skin which possesses a simple 
conical fibre structure. 
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TABLE XXII 

Double Fibre Texture in Face-centred Cubic Metals 


Metal Wire 

i 

Percentage of Crystals with 

Half-length of Arcs on 

200 reflexion 

i [100] 

[III] 

100 

nr 

' parallel to direction of drawing 

Aluminium .... 

. i O- 

100 


s'" 3 <=>' 

Copper 

. i 40 

60 

7 ° 

f i 

Gold 

• i 

50 

8° 30' 

4 ° 30' 1 

Silver 

■ ! 

25 

7 ° 30' 

L_! 1 


All the face-centred cubic metals have a [m] direction parallel 
to the wire axis with a second possible orientation [100]. Body- 
centred cubic metals such as a-iron are characterized by a [no] 
lattice direction lying parallel to the axis of the wire. As we have 
shown, the fibring tends to be most perfect at the core and the outer- 
most skin of the wire. The general principle holds that a set of most 
densely packed crystallographic planes so orients itself as to offer a 
maximum resistance to shear and therefore to oppose any further 


TABLE XXIII 

Fibre Textures op Drawn Wire 
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drawing of the wire. It is probably for this reason that extension 
in a tensile testing machine and drawing through a die each lead to 
the same orientation texture. The drawing textures of the more 
important metals are summarized in Table XXIII. 

Polanyi’s Method of Diatropic Planes. It is not always 
possible or desirable to impinge the incident X-ray beam at right 
Ingles to the fibre axis. In Polanyi’s method, the specimen is placed 
at an oblique angle with respect to the incident radiation as shown 
in Fig. 195. The Debye-Scherrer rings remain positioned exactly 
as before, but now the upper and lower intensified arcs move relative 
to the vertical TT'. Thus instead of a single angle d which we 



Fig. 195. — (a) Determination of fibre axis by method of oblique incidence. 

(b) Asymmetric four-point diagram. A reflexion appears at T when = 90 — 0 °. 


normally measure on a simple four-point diagram, we now have the 
two angles 6 and d' which are given by the formulae: 

. cos a — cos B sin 6 

cos O = ; 

,sin ^ cos d 

and 

cos a — cos (i8o — B) sin 0 

COS^ == ; — ^ ^ 

sin (i8o — cos 6 

where a is the angle between the normal to the planes and the* 

zone axis [uvw] which is parallel to the axis of rotation of the specimen.. 

We may use the method of oblique incidence to determine- 
directly the indices of the fibre axis. A series of X-ray photographs- 
are taken with different values of the angle Now if in any one of 
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the series, the X-ray beam should strike the lattice planes normal to 
the fibre axis (the diatropic planes of Polanyi), at the Bragg angle, 
then p will be equal to 90 — 6 ^ and two intensity maxima will appear 
diametrically opposite each other on the vertical TT^ of the Debye- 
Scherrer ring {JikT). In the cubic system, the normals to the planes 
{hkT) are also the cry^stallographic directions \hkl\ and so the diatropic 
plane method yields the indices of the fibre axis immediately. 

The Texture of Rolled Sheet. When metal is rolled into 
sheet, we find the major dimensional changes to be a diminution in 
thickness and an increase in length in the rolling direction. The 
width of the sheet remains substantially the same. This means that 
in addition to the compressive action of the rolls, certain frictional 
forces are operative between the surfaces of the sheet and the rolls, of 
sufficient magnitude to prevent sideways spreading. Under the 
influence of the combined forces, a fibre texture is produced in the 
sheet which gives it a marked anisotropy in mechanical properties. 
Not only do the tensile strength and ductility measured in the rolling 
direction differ appreciably from those measured transversely to the 
rolling direction, but the surface texture with regard to grain size 
and orientation will also be appreciably different from that in the 
interior. 

The anisotropy may be controlled by modifying the rolling and 
heat treatment techniques, thereby reducing many of the harmful 
effects which flow as a natural consequence from a marked direction- 
ality in the material. For example, in straight-rolled magnesium 
sheet, the tensile strength in the direction of rolling is approximately 
9 tons per square inch, while the value measured in the transverse 
direction is as high as 1 6^ tons per square inch.^^^^^ If the sheet is 
turned through 90"^ after each pass, i.e., if it is cross-rolled, the 
mechanical properties become uniform and the tensile strength in all 
directions attains a mean value of 10*5 tons per square inch. By way 
of contrast, low carbon steel sheet for deep drawing purposes exhibits 
a tensile strength which is 12 per cent, higher in the direction of 
rolling than in the transverse direction. Here, then, the anisotropy 
is opposite to that in straight-rolled magnesium, and the underlying 
causes may be ascribed to crystallographic differences which influence 
the rate of strain-hardening in different lattice directions when the 
material is subjected to tensile forces. 

In deep-drawing or pressing operations, the anisotropy in tensile 
strength and ductility often reveals itself by the formation of wavy 
* ‘ears’ ^ on the top edges of cups. The ears in themselves are of minor 
consequence for they can be cut off, but what is more objectionable 
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and serious is the diminution in wall thickness in regions where the 
metal has flowed preferentially in the direction of greater ductility. 
This ear formation is not due to faulty manipulation in the drawing 
process but is definitely due to directionality in the material. To 
prove this, two cups in 80/20 cupro-nickel sheet made on the same 
machine under exactly the same conditions are shown in Fig. 196 (a). 
The only differences lie in the methods of rolling and annealing, 
which proves conclusively that the cause of ear formation is to be 
sought in the directional properties which an unsuitable rolling and 
annealing technique has produced. Debye-Scherrer photographs of 
similar cupro-nickel sheet taken by H. P. Rooksby are shown for 
comparison in Fig. 196^. 

Even more remarkable than the formation of ears on cups is the 
extraordinary brittleness shown by cross-rolled molybdenum sheet. 
Fig. 197 shows a typical specimen prepared by H. P. Rooksby 
and C. E. Ransley^^^^^ which gave a sudden brittle fracture along 
perfectly straight lines directed at 45° to the rolling directions 
after bending the quite pliable sheet backwards and forwards a few 
times. 

Limited Fibre Structure. T he a nisotropy in physical and 
mechamcaLprqperties is obviously a direct T^sequence of the pre- 
ferred-orientation to be found in the cryitals composing the sheet. 
In^wife^ a definite crystallographic direction, such as [i 1 1] in a face- 
centred cubic metal, lies parallel to the wire axis. Apart from this 
restriction, the crystals may have any orientation around this direc- 
tion. With rolled sheet the state of affairs is rather different, for the 
orientation may be restricted in two ways. Firstly, a definite crystal- 
lographic axis tends to lie with a specific orientation with regard to 
the rolling direction, and secondly, a well-defined lattice plane lies in 
the plane of the sheet. On account of the extra restriction imposed 
upon the texture of rolled sheet, and to distinguish it from the normal 
type of fibre structure found in drawn wire, the term ‘‘limited fibre 
structure’^ is applied. 

The orientation texture in rolled sheet is seldom perfect. In 
rolled magnesium, the tendency is for the planes of closest packing 
(0001) to lie in the plane of the sheet, which means that the [0001] 
crystallographic direction should be normal to the plane of the sheet. 
This is not quite the case, however, for deviations of 25® in the 
rolling direction and Jt: ^ 5 ^ the transverse direction have been 
noted by D. E. Thomas and others, which probably accounts for 
the directionality in mechanical properties. The texture in rolled 
sheet of a number of metals is ^ven in Table XXIV. 




Fig. 196 {b). — ^X-ray photographs of suitable and unsuitable cupro-nickel sheet. 

(H. P, Rooksby, Sci. Inst,^ 18 , 84, 1941.) 

(Similar results for copper and brass sheet have been obtained by M. Cooe and T. Ll. Richards. 
7. Insi, Met., 69 , 201, 1943 ; 69 , 351, 1943.) 
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Fig. 197. — Sample of Cross-rolled Molybdenum Sheet showing 
45° brittleness (natural size). 

(C. E. Ransley and H, P. Rooksbt, Inst, Met,^ 62 , 205, 1938.) 
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TABLE XXIV 
Textures of Rolled Metal 


Metal 

Parallel to Rolling 

Direction 

Plane 

A1 



Ag 




[II 2] 

[ho] 

a-brass 



(Pt) 



Cu 

Ni 

I. [112] 

I. [ho] 

(Au) 

2. [hi] 

2 . [112] 

a-Fe 

Mo 

[ho] 

(001) 

Mg 

— 

(0001) 

Zn 

[1120] 

(0001) 

Cd 

— — 

(0001) 


To give an adequate representation of the fibre texture of rolled 
sheet, special contour graphs known as “pole figures’" were developed 
by F. Wever,^^®^^ which reveal at a glance the nature of the orientation 
texture. Pole figures offer a most convenient method of expressing 
the texture of worked metals generally, whether produced by rolling, 
drawing, forging, extruding or by simple extension or compression. 
They are much more satisfactory and informative than making a 
statement regarding the degree of ‘‘scatter”, a practice which has been 
severely criticized by Wever. The method of representation by pole 
figures is also very useful for determining the orientations of grains in 
cast metals, in the study of recrystallization structures and in the 
relative orientations of crystals which precipitate from solid solutions 
upon definite lattice planes of the parent solid solution. For these 
reasons the pole figure method of presentation is now almost univer- 
sally employed to represent orientation textures. 

Tlie Derivation of Pole Figures 

The Plotting of Pole Figures. In speciniens with randomly oriented 
grains, the normals to the crystal planes of given form {hkl) are 
flimilarly oriented at random. If, then, we describe a reference sphere 
about the specimen as centre, the normals will intersect the sphere in 
poles which are imiformly distributed over its surface. If the number 
of grains is sufficiently large, they will give rise to Debye-Scherrer 
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circles which will be perfectly uniform and continuous. The normals 
to those planes which are in a position to reflect, trace out the surface 
of a cone of semi-vertical angle 90 — 6 ° which intersects the reference 
sphere in the '‘circle of reflexion’' (Fig. 51, page 85). If, however, 
the specimen possesses a definite orientation texture, then the poles 

of the crystallographic planes crowd into 
localized positions on the reference sphere. 
Those poles which still lie on the circle of 
reflexion now become densely crowded in 
some regions and sparsely distributed in 
others, and consequently, the Debye-Scherrer 
ring degenerates into localized intensified 
arcs, thus revealing the existence of the 
fibre texture. 

The stereographic projections of all 
poles of givSi“ indices (^hkty of the grains in 
the sample formi a "pole figure. To plot such 
a figure, it is necessary to amass sufficient 
data by taking a whole series of Debye- 
Scherrer photographs, with the specimen 
tilted at successively smaller angles with 
respect to the X-ray beam. A sufficiently 
accurate representation of the orientation 
texture is obtained by plotting pole figures 
limited to a given set of planes with low 
indices. With cubic crystals these are 
generally of the forms {100}, {no} or 
{ill}, while for hexagonal metals a single 
pole figure for the basal plane (0001) is 
usually quite adequate. The reference 
circle on which the projection is made is 
generally taken to lie in the surface of a 
sheet specimen, while for wires it is the 
plane normal to the axis of the wire. 

It is customary to represent the areas most densely populated with 
poles by heavy shading in the projection. Four degrees of shading 
usually suffice to display the texture. An alternative representation 
can be effected by the use of contours drawn through points of constant 
frequency, in the same way as contours are drawn in ordinary ma:^^ 
making. The requisite intensity of the shading is deduced from the 
intensities of localized portions of the Debye-Scherrer arcs, and may 
obtained either by visual estimation or by means of a microphoto- 
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Fig. 198. — Pole figures for 
rolled aluminium sheet. 

The plane of the sheet is also 
the plane of the reference circle. 
R.D. = rolling direction, T.D. *= 
transverse direction. A separate 
figure is drawn for the normals to 
the 200, III and 220 planes of the 
face-centred cubic A 1 lattice. 
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meter. Due allowance must be made for absorption of the X-ray 
beam within the specimen. This can be reduced to a negligible 
amount by using a hard radiation such as Ag or Mo Ka. Typical 
pole figures of rolled aluminium and 
zinc are illustrated in Figs. 198 and 199. 

In Fig. 200j an X-ray beam QO is 
incident normally, (a = 90°) upon the 
surface of a sheet specimen, giving rise 
to the intensified arcs of a Debye- 
Scherrer circle of indices hkl and centre 
T. The normal to the lattice planes 
giving rise to the centroid of the arc at 
A intersects the circle of reflexion at the 
pole P, which is inclined at an angle of 
90 — 6"^ to the incident ray. The pole 
P projects stereographically through 
the pole of projection, P, on the equator 
to give the point M. in the plane of the 
reference circle, which contains the 
surface of the specimen. 

We can readily fix the point M in 
the stereographic projection, for if R is 
the radius of the reference sphere, then 

OM. — OE tan OjEAf=i?.tan - 1(90 — 0). 

Also, since £, P and Q must all 

lie in the same plane, the azimuthal 
angle <5 of the point M must be the same 
as that of A which we measure directly 
on the X-ray photograph. If we take 
a series of X-ray photographs at suc- 
cessively smaller values of the angle a, 
the angle between the surface of the 
specimen and the incident beam, by 
turning the sheet in steps about the 
axis NOS^ the pole P will trace out a 
small latitude circle on the sphere. The 
stereographically projected point, M, moves across the plane of the 
reference circle along one of the circles of latitude in the projection 
through the same number of degrees of longitude as the point P on 
the polar sphere. (This has been shown for the point D correspond- 
ing to ^ = 90°, or 0 = o.) 



Fig, 199. — ^Pole figures depicting 
fibre texture of rolled zinc. 

(a) Pole figure for the (oooi) basal planes. 
{b) Pole figure for the (loio) planes. 

(c) Pole figure for the (loi i) planes. 
R.D. = Rolling direction. 

T.D. = Transverse direction. 

(E. Schmid and G. Wassermann, MetalU 
wirtsckajt<i 9 , 698 , 1920 .) 
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Only when the normal to the lattice planes again intersects the 
circle of reflexion will a fresh reflexion spot be produced. Although 
the plane of the specimen has been tilted with respect to the incident 
beam, the positions of the Debye-Scherrer circle and the circle of 
reflexion will remain unchanged for they depend only on the wave- 
length and lattice spacing. But in the new setting of the specimen, 
fresh crystals with different orientation will have moved into a position 
to reflect, and, therefore, the azimuthal positions of the intensified 
arcs and hence those of their poles will be modified accordingly. 


N 



S 

Fig. 200. — Stereographic Projection of Circle of Reflexion. 


With a <( 90°, the plane of the specimen no longer lies in the 
plane of the basic circle. In order to refer the stereographic pro- 
jection of the new pole positions to the plane of the specimen, we first 
of all draw the stereographic projection of the poles in the basic circle 
in the usual straightforward manner, and, by means of a “rotation^ 
we refer the projection back to the specimen surface. This is done 
by moving the new pole position along its latitude circle on the sphere, 
through the same number of degrees of longitude as the angle through 
which the specimen was turned. Its stereographic projection there- 
fore moves the same number of projected degrees along the .corre- 
sponding projection of the latitude circle. 

As an example, the plotting of data of C. S. Barrett from rolled 
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Steel will be Using the characteristic Ka radiation of 

molybdenum, the diffraction from the (i lo) planes occurs atO = 10°, 
and the circle of reflexion thus lies at 90 — d = 80° from the centre 
of the pole figure. If the Debye-Scherrer photograph is taken with 
the beam normal to the surface of the specimen, i.e., with a = 90°, 
the surface will appear on the projection as the basic circle, and the 
projection of the circle of reflexion will lie concentric with it. We 
now rotate the specimen through 30° and take a photograph in the 
new position. We first plot the new data with regard to the original 



Fig. 201. — Plotting of Pole Figure reflexion circle with beam normal to projection plane 

and reflexion circle with plane of specimen as projection plane. 

(C. S. Barrett, Trans, Am, Inst, Min, and Met, Eng,^ Inst. Met, Dizf,y 124 , 29, 1937.) 

basic circle, and so the circle of reflexion again projects concentric, 
as shown by the dashed circle in Fig. 201. The azimuthal extent of 
the intensity maximum in the reflexion halo is indicated by the limits 
yf and B, We now lay the reference circle upon a stereographic net 
and move yf and B along their respective latitude lines a distance of 
30° of longitude. This corresponds to a rotation of the poles round 
the reference sphere through 30® of longitude when the specimen is 
turned through the same angle. The movement is illustrated in the 
figure, where the circle of reflexion with the intensity maximum on it 
is plotted after rotation as a full line. Part of the reflexion circle on 
the right-hand side passes into the negative hemisphere. To avoid 
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projecting it outside the basic circle, the negative portion is projected 
through the opposite pole Q, and thus takes the position shown by 
the dotted line. The process is now repeated with different settings 
of the specimen and corresponding rotations of the data, until the 
areas on the pole figure are sufficiently well-defined. 

In order to simplify the procedure outlined above, F. Wever has 
constructed a number of reference charts. Each chart gives a series 
of projected circles of reflexion shown in the positions they would 



Fig. 202. Chart for working out diffiraction pattern of Aluminium with Copper radiation 

for the cube face (001). The basic circle defines the plane of the specimen. The poles of 
the projected circles of reflexion move along die equator according to the degree of rotation. 

occupy after a rotation back to the setting which makes the plane of 
the specimen coincide with the plane of the basic circle. A fresh 
chart must be constructed for every different value of the Bragg 
angle 6, and therefore for each wavelength, and for each set of reflect- 
ing planes of the metal to be investigated. Figs. 202, 203 and 204 
illustrate Wever’s charts for copper Ka radiation reflected from (001) 
and (i 1 1) planes of aluminium, and for iron Ka radiation reflected, 
from (no) of iron. They have been constructed for 22-5° incre- 
ments in a. 

To see how the charts have been obtained, the one in Fig. 202 



Fig. 203. — Chart for working out diffraction pattern of Aluminium with Copper radiation 

for the Octahedral Plane (m). 
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should be compared carefully with Fig. 200. The locus of the 
point D at the apex of the circle of reflexion for which ^ = 90^^, or 
3 = 90 — ^ projects into a latitude circle of the stereographic 

projection. This is designated ^ = 90® on the periphery of the 
basic circle in the chart. For other points such as P which occur at 
smaller values of <f>^ further locus circles are drawn and designated 
in 10*^ increments of0. The radius drawn at^ = 40*^ illustrates the 
projection of the normal to the reflecting plane, which intersects the 
locus circle in two points, one inside and the other outside the basic 
circle. 



(a) (6) 

Fig. ao5. — (a) Pole figure- chart for Mo Ka reflecting from no planes of iron, 6 = lo®. 

(S) Pole figure for {no} poles of mild steel reduced 85 per cent, in thickness by 
cold rolling. 

(C. S. Barrett, Inst, Min. and Met. Eng.y Inst. Met. Di’v.^ 124, 29, 1937.) 


Similar charts for the (i 10) and (200) planes of iron using molyb- 
denum Ka radiation have also been constructed by C. S. Barrett (Joe, 
cit^. One of these is shown in Fig. 205 (a) and the pole figure for 
rolled iron sheet obtained with its assistance is illustrated in 
Fig. 205 ( 3 ). It is important to note that the Wever pole charts do 
not cover the top and bottom regions of the reference circle beyond 
the values of <^ = 90° (or d = 0°). To include data in these blank 
regions, one has merely to rotate the specimen in its own plane 
through 90° and take a series of transmission or reflexion photo- 
graphs following the same procedure as outlined above. 

Some Alternative Methods of Determining Orientation 
Textures. C. S. Barrett has developed a special camera for 
the purpose of determining pole figures^ Instead of taking a different 
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Fig. 206.— Debye-Scherrer Patterns of Cold-drawn Iron Wire. 

(<^7) Beam normal to wire. Axis vertical, {b) Beam along wire. 

Mo Ktt radiation, ZrO« filter. Film-specimen distance, 4cm. 

(J. T. Norton and R, E, Hiller, Avt, Inst. Min. and Met. Etig.^ Inst, Met. 99 , 190, 193-*) 
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X-ray photograph for each position of the specimen with respect to 
the incident radiation, the film is made to oscillate together with the 
specimen through a small range of angles. Each Debye-Scherrer 
ring is thereby replaced by a band of considerable width and thus 
permits a considerable number of spots to be registered without over- 
crowding. In effect, it is a method whereby a series of diffraction 
rings are laid side by side, each being taken at a slightly different 
position of the specimen. The data from the bands of diffraction 
rings are then plotted on a stereographic projection to form a pole 
figure. Actually the film itself may be looked upon as a distorted 
pole figure and reveals the spreading of spots in all directions. Special 
charts have been constructed for obtaining the pole figures directly 
from the photographs, details of which are given in the paper by 
Barrett. A method suitable for the study of the orientation of 
crystals in electrodeposited metals has been devised by R. M. 
Bozorth.^^^^ Here the specimen is irradiated at oblique incidence in 
much the same manner as a wire in Polanyi’s method of diatropic 
planes. Reference is then made to a chart constructed for that par- 
ticular camera and angle of incidence, and to a table relating the 
angles between crystallographic planes having the same or different 
indices. From this, the crystallographic plane {hkl) which coincides 
with the plane of the electrodeposited metal is, in general, uniquely 
determined. 

In suitable specimens, crystal orientation may be determined by 
the method of etch pits. This is a purely optical method and involves 
the measurement of the angles between the etch-pit faces by a gonio- 
meter. C. S. Barrett and L. H. Levenson claim that it is equal 
to X-ray methods in many cases, having an accuracy of^ to 1°, The 
difficulties lie in finding a suitable etching reagent which will give 
satisfactory etch pits. If the grain size is too small, the optical method 
is unsuitable, and the X-ray approach is the only one available. 

The Texture of Txibing. The crystallographic orientations 
in steel tubing have been studied by J. T. Norton and R. E. Hiller.^^^®^ 
They show how interesting analogies may be drawn between the 
texture of tube and those of drawn wire and rolled sheet. In steel 
wire, the crystallites are so arranged that each have a [no] direction 
parallel to the axis of the wire, but the orientation about this axis is 
perfectly random (Fig. 206). During the drawing of the wire, the 
tension and elongation are in the direction of the wire axis, while the 
cross-section is reduced uniformly in all directions. 

With sheet, the orientation texture is one in which the cube faces 
(loo) lie parallel to the rolling plane and with a face diagonal [no] 
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parallel to the rolling direction (Fig. 185^5 ^^ 3 )- rolling 

process, the sheet has been reduced in thickness, extended in length 
and kept at constant width by the frictional action of the rolls. From 
a dimensional point of view, a tube is analogous to a sheet without 
edges. The circumference of the tube corresponds to the width, and 
the wall thickness to the thickness of the sheet. The most general 
conditions encountered in tube-drawing practice are those which 
involve a simultaneous reduction in wall thickness and circumference, 
but it is also possible to create conditions which keep the circum- 
ference constant while reducing the wall thickness, or which keep the 
wall thickness constant while reducing the circumference. The 
ultimate type of fibre structure in tubing depends upon which of these 
three conditions is observed. 



(a) Equal reduction in wall and circumference. 

(if) Reduction principally in wall thickness. 

(J. T. Norton and R. E. Hiller, Trans, Am, Inst, Min, and Met. Eng., Inst. Met. Diu., 190, 99 , 1932.) 

The results of Norton and Hiller on the texture of cold-drawn 
steel tubing may be summarized as follows. As the length is in- 
creased, the crystal grains are broken down and so aligned as to make 
a [i 10] axis of each crystal lie in the general direction of the tube axis. 
This is the same as the fibre texture found in steel wire. At the 
same time, if the wall thickness is reduced more rapidly than the 
circumference, the crystals are also aligned so that another [no] axis 
in each crystal, at right angles to the first, becomes parallel to a 
tangent to the tube wall, i.e., the structure is the same as in sheet. 
The orientation of cubic crystallites for the two kinds of reduction 
are illustrated in Fig. 207. Tubing reduced so that the dimensional 
changes are between these shows an intermediate structure. It was 
found that as long as the ratio of reduction in wall thickness to reduc- 
tion in circumference was less than 2, the wire structure was to be 
found. The sheet structure was definite when the ratio exceeded 
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2*5. Preferred orientation first became evident at about 20 per cent, 
total reduction of area and increased with further reduction. The 
structure obtained was independent of the method of reduction, and 
was a function only of the dimensional changes which took place 
during the reducing process. 

Crystal Orientation in Deep-Drawn Brass Cups. For the 
most part, crystal orientation studies of cold-worked metals have been 
confined to the relatively simple operations of rolling, forging, drawing 
through dies, or elongating in tension. These processes involve 
deformations which are confined to one or two principal directions. 



Fig. 208. (i). a, b, c. Stages in drawing a circular brass blank into a cup. Arrows show 

direction of forces. 

(2) . Zones of drawn cup selected for examination. 

(3) , Section through deep drawing apparatus. 

(i) Punch, operated under a pressure Z of 197S K.g. 

(2-) Die, 

(3) Pressure plate held with a total force S of 600 Kg. 

(4.) Partly drawn blank. 

Perhaps the first studies which involved forces acting in three prin- 
cipal directions were undertaken by L. Hermann and G. Sachs ^ 
who encountered this complex problem in the deep-drawing of brass 
cups. They examined the pressing at various selected points and 
compared the pole figures they obtained with the type of mechanical 
work which had been sustained by the regions in question. 

The material used was sheet brass (Ms 63) which had been 
annealed in the hard condition at £50^ C. for half an hour. The 
blanks were round discs, 64 mm. in diameter and 0"5 mm. thick and 




290 AN INTRODUCTION TO X-RAY METALLOGRAPHY 

showed no sign of preferred orientation. The press is shown 
schematically in Fig. 208 (3), while stages in the fabrication of the 
cup and the direction of the acting forces are shown in Fig. 208 (i) 
h and c. Fig. 208 (2) shows the zones examined by X-ray diffraction 
methods. For this purpose small platelets, 5X5 mm. square, were 














Fig. 209. — Pole figures for various zones of deep-drawn brass cup investigated 

by X-rays. 

mZ (•/■ - '»■ ”«• 

cut out and were etched in nitric acid to remove o-02 mm. from the 
surface. Between 12 and 16 X-ray diffraction patterns were taken 
at various angles to a given platelet from which pole figures for the 
(ill) and (200) reflecting planes were constructed. 

Pole figures for various zones are shown in Fig. 209, and for 
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comparison purposes pole figures from the same material deformed 
by simple tension and by rolling are given in Fig. 210. Ideal pole 
figures for elongation and forging are also shown. The types of pole 
figures obtained at the various portions of the deep pressing confirmed 






Zug = Drawing Texture of 

brass (stretched 

51 -° 

Wal^textur = Rolling Texture of 
brass (cold rolled 
40 %)- 

Z.R. = Drawing Direction. 

Q,R. — Transverse Direction. 

W.R, = Rolling Direction. 


F.A, = Fibre Axis. 

R.R. = Radial Direction. 

Z,R. = Drawing Direction. 

D.R. = Direction of Elonga- 

tion. 

= Direction of Normal, 
= Lattice Plane. 
Staucktextur = Forging Texture. 



(6) Ideal pole figures of drawing and forging textures. 


the theoretical calculations on the forces acting during the various 
stages of the forming process. 

Prrferred Orientation in Electrodeposited Metals. A con- 
siderable amount of investigation has been carried out on the structure 
of electrodeposited metals. The precise texture obtained is a func- 
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tion of many variables, the principal ones being the current density, 
concentration of the electrolyte, temperature, stirring, ^H, buffer 
addition, base electrode and the thickness of the plated coating. If 
a fibre texture is set up, it is always one in which the fibre axis points 
in the direction of the flow of current, that is, the fibre axis is per- 
pendicular to the plane of the cathode. Which crystallographic 
direction comprises the fibre axis depends upon the precise com- 
bination of the factors enumerated above. This is evident from 
Table XXV. 

The alignment of the crystallites in the direction of the fibre axis 
attains an extraordinarily high degree of perfection. The extent of 
the reflexion spots is often no greater than the Laue spots produced 
by a single crystal. 

TABLE XXV 

Orientation Textures of Electrodeposited Metals (R. Glocker, Materia Ipriifung 

mit Rontgenstrahien) 


Element 

Lattice 

Solution 

Current 

Density 

Amperes 

per 

sq. cm. 

Fibre 

Axis 

1 

1 

1 

! Observer 

1 

Silver 

F.C.C. 

Cyanide (alkaline) 

0-007 

Random 

Glocker and Kaupp 

Silver 

F.C.C. 

o-i iV'AgNOg 

0-0 10 

[in], [001] 

Glocker and Kaupp 

Silver 

F.C.C. 

o-i iVAgNOg 

0-022 

Random 

Glocker and Kaupp 

Copper . 
Nickel . 

F.C.C. 

F.C.C. 

1*0 N CUSO4 
Ni(NH4)4S04 or^ 
o-i iv^Nici2+ y 

o-9iVNiS04 J 

0*03 

0-005 

[on] 

[001] 

Glocker and Kaupp 

Bozorth 

Nickel . 

F.C.C. 

NiS04+ Boric Acid 

O-IO 

[001] 

[on] 

(on under- 
lying 
copper) 

Clark and Frolich 

Nickel . 

F.C.C. 

0-9 iV^NiCla + 
o-i iV^NiSO^ 

0-005 

[211] 

Bozorth 

Lead 

F.C.C. 

Pb(C104)2 or 
fluorosilicate 

i-o 

[211] 

Clark, Frolich and 
Abom 

Chromium 

: B.C.C. 

Grube’s method 

— 

[nr] 

Glocker and Kaupp 

Iron 

1 B.C.C. 

loo/^ Fe(NH 4 ) 4 S 04 

0-001 

— 

M 

W 

1 

Glocker and Kaupp 

Iron 

1 B.C.C. 

loo/^ Fe(NH 4 ) 4 S 04 

0-015 

Random 

Glocker and Kaupp 

Iron 

B.C.C. 

500/^ FeClg 

0-00 1 

1 — 

M 

W 

M 



Glocker and Kaupp 

Iron 

B.C.C. 

50% FeCla at 
100® C. 

O-I 

Random 

Glocker and Kaupp 

Iron 

Tin . . 

B.C:C. 

B.C.Tetr. 

Same -1- CaClg 

O-I 

[112] 

[in] 

Glocker and Kaupp 








Fig.- 211. — ^Texture photograph of recrystallized copper sheet, showing preferred 
orientation of recrystaliized grains. 

(Von Goler and G. Sachs, Zeits. PAystk, 41 , 873, 889, 1927; 56 , 477, 485, 1929.) 



Fig. 212. — Typical Widmannstatten Structure. 

Grandes Meteorite x 0-75. 

Analysis: Fe, 95*13 per cent.; Ni, 4*38; Co, 0*27; P, 0*24. 

nitric acid. 


Section of Casas 
Polished and etched with 


Facing" pav^e 2Q3.1 
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Recrystallization Textures. It is difficult to make any 
generalizations concerning the recrystallization textures produced 
by the annealing of .cold-worked metals, for so much depends upon 
past history, the degree of purity, and the method of annealing the 
specimen. Any one of the following three possibilities may occur. 
The newly constituted grains may be oriented completely at random. 
They may be preferentially oriented at the beginning of the recrystal- 
lization only to lose this perfection of alignment by further annealing 
at yet higher temperatures. Finally the orientation texture may 
persist even at the highest temperatures. Copper sheet has been 
found to behave in the last-named fashion and an X-ray photograph 
illustrating the high degree of perfection attained in the fibre structure 
is shown in Fig. 21 1 . The hexagonal metals not only recrystallize 
and maintain a preferred orientation at the highest temperatures, but 
also have an orientation texture identical with that of the original 
rolled sheet. 

» 

Table XXVI summarizes the recrystallization textures of rolled 
sheet. Pole figure analysis carried out on the X-ray photographs of 
rolled iron sheet revealed three distinct types of orientation texture, 
two of which were equally prominent while the third seldom appeared. 


TABLE XXVI 

Recrystallization Textures of Rolled Sheet 
(E. Schmid and W. Boas, Kristallplastizitat) 


Metal 

Parallel to Rolling 

Direction 

Plane 

Ag 




a-brass 

[112] 


( 5 ”) 

Bronze (5% Sn) . 




A 1 




Cu 

Ni 

[100] 

(001) - 

Au 





[no] 


(001) 

a-Fe (Ferrite) . 

[II2 


(I IT) 


[no] 


(IT2) 


Annealing a cold-drawn wire at low temperatures frequently 
produces a recrystallization texture which is identical with the original 
fibre texture and which is rarely completely eliminated even by a high 
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temperature anneal. Annealing pure aluminium seems to enhance 
the existing fibre texture. On the other hand, copper wire when 
given a high-temperature anneal develops a fibre texture which is 
quite different from that originally possessed. After annealing, a 
[112] crystallographic axis lies parallel to the axis of the wire, an 
orientation formerly possessed by [m] and to a lesser degree by 
[100] as shown above in Table XXII, page 275. 

The Widmannstatten Structure. We have already seen how 
an alloy which is a stable single phase at higher temperatures, may, 
upon cooling, precipitate a new phase out of solid solution. This 
new phase may appear in such a manner that its lattice bears a definite 
crystallographic relation to the lattice of the parent solid solution. 
When this happens, the microstructure of the alloy takes on a character- 
istic appearance as shown in Figs. 212 and 215 (^. The structure 
was first discovered in meteoritic irons by Alois de Widmannstatten 
in 1808, but it is to be found, with modifications, in a large number 
of non-ferrous alloys and even in npn-metallic systems such as com- 
plexes of hematite and magnetite. 

In steels and meteorites, the Widmannstatten figures owe their 
origin to a plate-like structure which appears as a network where the 
traces of the plates intersect each other on the surface of polish. In 
other alloys the precipitated phase may take the form of needles or 
laths. To obtain a Widmannstatten structure with a high degree of 
perfection, the rate of cooling must be just right, for if cooling is too 
slow, agglomeration or spheroidization of the deposited plates may 
occur, whereas if the rate of cooling is too rapid, too little time will 
have been given to allow the plates to develop and a . fine-grained 
structure will result. 

Widmannstatten figures have been made the subject of a vast 
amount of microscopic and X-ray study in order to ascertain their 
mode of formation and the crystallographic orientations of the pre- 
cipitated constituent. Pole figures and the stereographic projection 
have played a large part in the most recent researches.^^^®^ 

The meteoritic irons, which give rise to perfectly developed 
Widmannstatten figures are essentially iron-rich nickel-iron alloys 
whose equilibrium diagram is illustrated in Fig, 117, page 185. 
The body-centred cubic phase referred to as kamacite, which forms 
the well-defined lamellae in meteorites, has been shown by Young to 
lie parallel to the octahedral (m) planes of the face-centred cubic 
taenite, which may be regarded as the undecomposed residue of the 
high-temperature phase. The (no) planes in kamacite and the (i 1 1) 
planes of tagnite are the most densely packed planes in their respective 
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lattices. The (in) plane in the face-centred cubic phase becomes the 
(iio) plane in the body-centred cubic phase by a slight shift or re- 
arrangement in atomic position, for measurement shows that the 
interatomic distances in the two planes differ by only 2 per cent, and 
the atomic composition by only 4 per cent. There is thus a definite 
relation in orientation between the lattice of the precipitate and the 
lattice of the parent solid solution. This is a general rule which 
applies to a large number of alloy systems ; the lattice of the precipi- 
tated phase always orients itself to give a best fit on the parent lattice. 
The crystallographic planes which meet in the surface of separation 
need not necessarily be the planes of closest atomic packing of either 
lattice. 

Age Hardening. Closely connected with the formation of the 
Widmannstatten structure in alloy systems is the phenomenon known 
variously as “precipitation hardening”, “dispersion hardening”, or 
simply “age hardening”. Almost any solid solution which is super- 
saturated will, in time, and with the correct heat treatment, attain 
equilibrium by rejecting the solute atoms as a separate phase, in the 
course of which considerable improvements in the mechanical pro- 
perties may be effected. As a typical example, the important system 
copper-aluminium will be discussed. 

According to the equilibrium diagram illustrated in Fig. 213, 
aluminium will retain as much as 5 per cent, of copper in solid solution 
at 500° C., but, with lowering temperature, this value diminishes to 
0*5 per cent. Alloys containing between 2 and 5 per cent, of copper 
may be improved by annealing at 500° C. until a homogeneous solid 
solution has been attained, and then quenched to retain the structure, 
which, at room temperature, is supersaturated with copper. By 
ageing at room temperature for several days, or by heating at a tem- 
perature not exceeding 200° C. for as little as a day or two, the tensile 
strength of the alloy may be raised from 12 to well over 20 tons per 
square inch while still retaining a reasonable degree of ductility. 

The changes which take place in the lattice leading to the enhance- 
ment of mechanical properties are very complex, and nixmerous 
theories have been put forward to explain the facts. The ultimate 
composition of the phase precipitated out of solid solution is CuAlg, 
but in room temperature ageing, no trace of this phase can be observed 
in the microscope when the hardening attains its maximum. Debye- 
Scherrer photographs do not reveal any pattern of lines belonging to 
the precipitate and no changes in lattice parameter are to be observed 
until the alloy has been “over-aged” by heat treatment. These facts 
were interpreted by P. D. Merica to mean the formation of lattice 
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“knots”, that is, regions in the lattice where the local concentration 
of copper was increased by diffusion until it was more or less equal to 
that required for the formation of a CuAl^ lattice (Fig. 2i4}> These 
knots in the aluminium lattice were sufficiently distorted and “rough” 
in atomic structure to resist slip and deformation fairly efficiently. 



They were considered to act in substantially the same manner as hard 
crystalline particles of CuAU would act could they be formed. 

Whereas Debye-Scherrer photographs prove singularly tininfor- 
mative during the hardening period, room temperature ageing will 
produce remarkable changes in the Laue diffraction pattern produced 
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by a single crystal of the alloy. G. D. Preston has shown that 
certain well-marked streaks make their appearance on the photographs 
which are faint and diffuse in the early stages but which become pro- 
gressively stronger and sharper as ageing proceeds (Fig. 2 1 5). Such 



a Laue pattern of an aluminium-copper alloy containing 4 per cent, 
by weight of copper, quenched at 500° C. and aged at room tem- 
perature for three days, is shown in Fig. 215 (F). The reaction 
proceeds no further at room temperature and the hardness remains 
substantially constant over a period of months. 
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The streaks are interpreted to mean that the copper atoms are 
segregating on (100) planes of the crystal, and that in these copper- 
rich regions the spacing is a little less than elsewhere, since a local 
enrichment of the alloy with copper would be expected to produce a 
diminution of the spacing in the same way as the parameter of 
aluminium is reduced by copper in solution. It is possible to make 
an estimate of the size and distribution of the copper-rich patches. 
It turns out that their size is about 10 atomic distances or 40 A. 
across, some 2 or 3 atoms thick, and they are scattered through the 
crystal at an average distance of about 200 A from one another. 
These patches correspond somewhat to the lattice “knots’’ proposed 
by Merica. 

Heat treatment at 200° C. at first reduces the hardness of the 
alloy fully aged at room temperature, and at the same time, the Laue 
streaks become much weaker, indicating a dispersal or “evaporation” 
of the copper atoms from the knots of high concentration. With 
further heat treatment for 5 hours at 200^^ C. there is a return of the 
Laue streaks and an increase in hardness which ultimately considerably 
exceeds that attained by room temperature ageing. The Laue streaks 
which recur on high temperature ageing are invariably sharp, and 
indicate that the area of the plates is greater than that of the plates 
formed in room temperature ageing. After the hardness has attained 
its maximum, further heat treatment over-ages the alloy and causes 
softening. 

The prolonged heat treatment at 200° C. causes the Laue streaks 
to break up into discrete spots (Fig. 2 1 j'r) indicating further growth 
of the plates which consist of an unstable intermediate phase with the 
composition CUAI2 and a calcium fluoride (cubic) structure. This 
structure fits on the alxominium matrix, the side of the unit cell being 
5*7 A. which is exactly 2 times the cube side of aluminium. How- 
ever, the two structures do not fit in a direction at right angles to the 
plane of union which sets up an appreciable amount of lattice strain. 
If the alloy is kept at 200° C. for 50 days, or i day at 300® C., the 
cubic structure transforms to the stable tetragonal form of CuAla, the 
particles of which have grown so large that sharp Laue spots are given 
by them. Fig. 215 illustrates the same alloy after over-ageing 
for 1*1^ hours at 350° C. The precipitated CuAla forms a perfectly 
developed Widmannstatten structure on the microscale. The plane 
of section of the aluminium grain in the photograph is (100) and the 
thin plates of precipitate are parallel to (010) and (001). The larger 
patches are plates of precipitate which lie nearly parallel to the plane 
of section. At this stage, when the precipitate becomes visible under 




(a) Lane photograph of pure aluminium crystal. X-rays parallel to [ooi]j [i lo] vertical. AgKa -p ^ 
radiation. The faint diflruse spots are due to the thermal vibrations of the lattice. 

(b) Laue photograph of A 1 — 4 per cent Cu. Aged 3 days at room temperature. 

(c) Laue photograph of the same ciy'stal annealed for 50 days at 200“ C., i day at 300° C., and i day 

at 35^ \ 

(G. D. Preston, y. Scientijic Instruments^ lo, I5S» ^94‘^v 

U) Photomicrograph of A 1 - 4 per cent Cu. Aged hrs. at 350= C. Magnification 2500 reveals 
Widmannstatten structure on very fine scale. The plane of section is (100) and the three groups 0 
separating plates parallel to (100), (010), (001) are visible. 

(M. Gayler and P.arkhouse, j. Inst. Met., 66, 27, 1940.) 
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the microscope, it must be many hundreds of atomic spacings in 
thickness. 

In the age-hardening silver-aluminium alloys, the sequence of 
changes is the same as described above, namely the formation of plates, 
intermediate phase, final phase. In this case, however, the plates of 
silver-rich material form on the (i 1 1) planes of the parent lattice and 
the intermediate phase is a close-packed hexagonal structure, the basal 
plane of which fits accurately on to the (in) plane of aluminium. 
Since the axial ratio of the new phase is i-6i which is appreciably 
different from the ideal value of V 8/3 for close-packed spheres, there 
is a slight misfit in the direction at right angles to the plane of union 
of the two phases, which introduces strain into the parent lattice. 
With rise in temperature and prolongation of treatment, this inter- 
mediate phase is transformed into the final precipitate, also hexagonal 
close-packed, but with a lattice parameter which does not fit the 
aluminium lattice at all accurately. 

Commercial aluminium alloys of the duralumin type contain 
appreciable quantities of magnesium and silicon in addition to copper. 
The age-hardening process is then further complicated by the pre- 
cipitation of MgjSi. 



CHAPTER XI 


APPLICATION OF X-RAYS TO THE STUDY OF 
REFRACTORY MATERIALS 

The Value of X-ray Methods. The ferrous and non-ferrous 
metallurgical industries are almost entirely dependent on refractory 
materials for winning metals from their ores and for the production 
of alloys. The demands made by each industry are highly specialized, 
and, in order to increase the range of available refractory materials 
and effect improvements in the quality of those already well established, 
the more important metallurgical companies are co-operating with 
the manufacturers of refractory materials in carrying out joint research 
programmes. 

Several hundred natural and synthetic refractories are known, of 
which only a comparatively small number find use on a commercial 
scale. The materials which are in most common use are fire-clay, 
silica, kaolin, diaspore, alumina, and products of the electric furnace 
such as silicon carbide. Besides resistance to high temperatures, 
other qualities are demanded. Refractories must maintain their 
shape, strength and other physical properties. They must be resistant 
to erosion by ash-laden gases, their tendency to spall must be low, 
they must resist fluxing and be chemically inert. Needless to say, 
no refractory material is endowed with all these virtues, and a con- 
siderable amount of research is being done to obtain improved com- 
binations of desirable properties. 

Until recently, the more important methods of control and identi- 
fication of the raw materials were carried out by microscopical exam- 
ination and chemical analysis. X-ray methods, which have proven 
of such value in metallurgical studies, are now employed on an ever 
increasing scale in the investigation of refractory materials. Chemical 
analysis gives no information of the crystalline form of the material, 
while the microscope is limited to the examination of transparent 
crystals which are large enough to lie in the visible range. As we 
have already seen, an X-ray diffraction pattern is a characteristic 
product of the atomic arrangement in the diffracting crystal. It is 
therefore a rapid and certain means of compound identification, and 
in many cases oflFers a satisfactory alternative to the more direct and 
tedious methods of chemical analysis. Moreover, X-ray diffraction 
methods do not suffer from the many cramping limitations to which 
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Fig. 2 i 6. — Models showing the arrangement of atoms in various polymorphic 
modifications of silica, SiOg. 

(a) High cristobalite, (h) low cristobalite, (c) high tridymite, high quartz, (e) low 
quartz. The silicon atoms are not visible because they are small and nestle in a tetra- 
hedron formed by four oxygen atoms. Note that the low-temperature forms are more 
closely packed than the high-temperature forms. 

(F. H. Norton, Refractories^ McGraw-Hill Book Co.) 
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the microscope is subject. As is the case in metallographic studies^ 
the X~ray method is complementary to microscope technique;, and, 
together, they form an extremely powerful combination. 

In the industrial laboratory, the principal requirements are to 
classify the material by the identification of the constituents in the 
refractory, and, from the crystalline constitution developed during 
manufacture, to determine whether the product is likely to approach 
the requisite standards of performance in service. The X-ray attack 
on the problems is three-fold. Firstly, by single crystal methods, 
the internal arrangements of the atoms in a large number of refractory 
materials are worked out, thus putting the crystal chemistry of the 
subject on a solid foundation. Secondly, in the Debye-Scherrer 
powder method, we have an excellent means of compound identifi- 
cation. Finally, by the methods outlined in Chapters IX and X, 
it is possible to examine the crystal texture of the material. The 
identification of compounds and the determination of crystal texture 
are the methods simplest to apply, and are, therefore, most frequently 
applied in the industrial laboratory. 

The Principal Refractory Raw Materials, i. Clays form 
an important section of the raw materials for refractory manufacture. 
They are, generally speaking, composed of hydrated earth materials 
which contain a considerable amount of silica or alumina and have 
plastic properties. The constituents in clays from various localities 
differ widely. They consist of fine, mainly platy, fragments of 
definite minerals which range in size from lo”^ down to io~^ cm. 
In refractory clays, the clay minerals which are found are predom- 
inantly kaolinite, diaspore and gibbsite, with such accessory minerals 
as quartz, feldspars, micas, iron oxides and sulphides, titanium 
minerals, calcite, dolomite, magnesite, gypsum, garnet and tourmaline. 

a. Silica (SiOa). One of the most important refractory materials, 
silica, occurs in nature as the mineral quartz and as ganisters, quart- 
zites and sandstones in sedimentary rocks. Silica exists in a number 
of polymorphic forms, quartz, cristobalite and tridymite, each of 
which has a low and high temperature modification. Atomic models 
of some polymorphic forms of silica are shown in Fig. 216. These 
have been worked out by single crystal methods. The dominant 
feature in the atomic pattern in all the varieties is the tetrahedra formed 
by large tightly crammed oxygen atoms which are held together by 
a very much smaller atom of silicon at their centroid. These Si04 
tetrahedral groups are linked together by their corners, so that on the 
whole the composition of the structure is SiOa. On account of their 
-small size and position, the Si atoms cannot be seen in the models. 
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It will be observed that cristobalite and tridymite are each more 
openly packed than quartz. The high-temperature forms have^^^ 
higher symmetry than the low-temperature forms. We can see how 
the diagonal groups of tetrahedra of high-temperature cristobalite 
are linked to form an almost straight chain, while in low-temperature 
cristobalite the chain becomes distinctly puckered. The same sort 
of thing occurs in quartz. While the crystal structures of quartz 
cristobalite and tridymite differ considerably from each other and 
require the breaking and reforming of chemical bonds to effect the 
polymorphic transformation, the high-low transitions in each poly- 
morphic variety only require small atomic shifts and rotations. CoL 
sequently, the polymorphic transformations from the high temperature 



Fig. 117. — Random network in vitreous silica. 
(After Zachariasen.) 


modification of silica, tridymite, to cristobalite and thence to quartz, 
take place so slowly that it is quite impossible to form the end product, 
quartz. On the other hand, the high-low transitions of each struc- 
tural type are rapid and reversible. 

When fosed, silica does not regain its crystalline characteristics 
ecause o its mgh viscosity and remains an amorphous solid or glass 
on coo ing. n the vitreous or glass-like state, the essential unit of 
the crystalline form, the SiO, tetrahedron, is still retained. What 
happens is that the neighbouring tetrahedra are , linked together at 
ightly incorrect angles, and their neighbours in turn are wrongly 
^ Thus, although the correct interatomic distances 

A ^ /islglibours are accurately maintained, all trace 

a or er y repetition of a fundamental unit of pattern, so char- 





9 . Forsterite. 

Fig. 2 1 8 . — Debye-Scherrer Identification Patterns for various minerals. 

(A. H. Jay and J. H, Chesters, Trans. Ceramic Soc.^ 37 , 209, 1938.) 
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acteristic of the crystalline state, is quickly lost after proceeding only 
a short distance from a lattice point (Fig. 217). The vitreous form 
is just as solid as the crystalline one, but on account of its random 
internal arrangement it behaves, in many ways, as an essentially non- 
crystalline material. Fused silica yields broad diffuse haloes very 
similar to the diffuse bands given by minute crystals which are of the 
order of 10“*^ cm. in size. 

X-ray patterns from some of the forms of quartz and other minerals 
are given in Fig. 218 (i) to (9). 

3. Alumina (AI2O3). Alumina occurs in a number of poly- 
morphic varieties. The a-form is identical with corundurri, a natural 
mineral which is rhombohedral. It is very stable and is almost always 
formed from a cooling fusion. -alumina is really a compound of 
the form NagO.iiAlaOa or K2O.11AI2O3. It can be formed by 
heating a mixture of alumina with alkali in an electric arc furnace, 
y -alumina is generally formed by heating hydrated alumina materials 
such as kaolin (Al2(Si2 0s).(0H4)), or gibbsite (Al(OH)8) at about 
900® C. C-alumina only seems to occur in melts which contain 
lithium. It can be formed by heating alumina with lithium oxide 
as a flux in an electric arc furnace. The atomic structure is prob- 
ably similar to /5-alumina. A typical Debye-Scherrer photograph of 
a-alumina is shown in Fig. 218 (5). 

4. Magnesia (MgO). There is only one crystalline form of 
magnesia, namely the cubic (NaCl) type. It occurs in nature as 
periclase. Commercially it is produced by the decomposition of 
magnesite MgCOg, or the hydrate, brucite, Mg(OH)2. A typical 
Debye-Scherrer pattern of magnesia is illustrated in Fig. 218 (4). 
The temperature of calcination plays a considerable part in the pro- 
perties of magnesia. Some typical powder photographs showing the 
decrease in line width as the crystals of MgO increase in size with 
rising temperature are shown in Fig. 219. 

5. Chromite (Cr2Fe04). This is a natural mineral of variable 
iron oxide and chromic oxide content. It is a spinel, part of the 
iron and chromic oxide being replaced by either magnesia or alumina. 
We may therefore give it the general formula (Mg, Fe) 0 . (Al, Cr)2 03. 
Although the ores vary considerably in analysis, they maintain their 
refractory properties. A powder photograph of chromite is illus- 
trated in Fig. 2 1 8 (7). 

6. Carbon. Carbon occurs naturally as flaky graphite in great 
abundance. It can also be manufactured by heating coke to a high 
temperature in the electric furnace. The graphitic carbon thrown 
out of solution from the molten iron tapped from a blast furnace is 
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known as kish. Graphite is almost completely chemically inert. Its 
chief use as a refractory is for crucibles for melting metals. 

7. CaTboirunduTyi (SiC). Carborundum is a trade name for a 
product which is synthesized in the electric furnace by heating 
together sand and coke at temperatures between 1,780° and 2,200° C. 
Above 2,300° carborundum decomposes. Some of the raw materials 
for commercial and special purpose refractories are listed below in 
Table XXVII. 


TABLE XXVII 


Refractory Materials 


Material 

Alumina, AlgOg ..... 
Bauxite, Al203.;!?.Si02.;^?H20 
BeryUia, BeO .... 
Brucite, MgCOH)^ .... 
Carborundum, SiC .... 
Chalcedony, SiOg .... 

Chromite, FeCr204 .... 

Corundum, AlgOj .... 

Cristobalite, SiOg .... 

Biaspore, AIO(OH) .... 

Dolomite, CuMg(C03)2 
Forsterite, Mg2Si04 .... 
Canister, SiOg ..... 
Gibbsite, A1(0H)3 .... 

Graphite, C . . . . . 

Hematite, FegOg .... 
Ilmenite, FeTiOg . ... 

Kaolinite, Al2Si205(0H)4 
Limestone, CaCOg .... 

Magnesite, MgCOg .... 

Mesitite, (Fe,Mg)C03. 

Montmorillonite, (0H)aAl2[Si205]2^?H20 
Olivine, (Mg,Fe)Si04 .... 
Periclase, MgO ..... 
Quartz, SiOg ..... 
Rutile, TiOg ..... 
SiUimanite, AlgSiOg .... 
Spinel, MgAl204 .... 

Thoria, ThOa 

Tridymite, SiOg ..... 
Zircon, ZrSi04 ..... 
Zirconia, ZrOg ..... 


Fusion 


Point, ° C. 

Density 

3^722 

3-97-4.03 

3^722 

2*0 -2-6 

2,570 

3-025 

2,800 

2*38-2*39 

> 2,300 (sublimes) 

3‘2o8 

1,715 

2- 5 5-2-63 

2,180 

4.32-4-57 

3,722 

3.97-4.03 

1,715 

2*32-2*36 

2,035 

3*39 

2,570—2,800 

2*83-2*99 

1,910 

3*22-3*27 

1,715 

2-65 

2,035 

2-3 -3*42 

3,527 

2-22 

1.565 

5-17-5-26 

4.44-4.86 

1.785 

2*6 -2*63 

2,570 

2-4 -2*8 

2,800 

2*95-3*12 

> 1,500 

2*54 

2*04-2*52 

1,700-1,910 

3*2 -3*3 

2,800 

3-64-3-67 

1,715 

2*65-2*70 

1,900 

4*12-4*27 

1,816 

3*23-3*24 

2 ,X 35 

3-68-3*92 

> 2,800 

9.69 

1,715 

2*27 

2,550 

4*05-4*75 

2,700 

5*49 


Method of Ordered Aggregates. Powder diagrams of various 
clay minerals are very similar to each other and in mixtures many 
lines may coincide. Improvement may be effected by the use of 1 9 cm. 
diameter cameras. To overcome the difficulties presented by the 
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lack of sufficient resolution, the method of ordered aggregates is vis^(i% 
That is, the platy constituents in the clay are given a high degree of 
preferred orientation in preparing the specimen, and the X-ray photo- 
graph which the aggregate produces corresponds to a fibre diagram. 
Now the crystal structures of most clay minerals can be considered 
as built up of sheets of various ions. The composition of the sheets 
are all very similar, the main distinguishing feature being the number 
of sheets piled on top of each other. This number corresponds to a 
characteristic of the lattice, namely the basal spacing. The nature 
of the preferred orientation in the ordered aggregate is one which 
makes the basal plane reflexions predominate with the virtual exclusion 
of all other spectra, and provides a great simplification of the powder 
diagram. 

The basal spacings can be identified and measured with much 
higher accuracy on the X-ray pattern from an ordered aggregate than 
is the case with an ordinary powder diagram, in which it is often 
impossible to decide whether a given diflFraction line corresponds to 
a basal spacing or not. 

There are several methods of preparing ordered aggregates. 
They can be made by slow sedimentation, or, more quickly, by centri- 
fuging the clay suspension against a flat surface such as a microscope 
cover glass. It is also useful to let the suspension settle on a thin 
mica plate and to use the sharp basal mica reflexions as fiducial marks. 
Ordered aggregates can be deposited on curved or flat surfaces and 
X-ray patterns can be taken in cylindrical or plate cameras. The 
range of lattice spacings in clay diagrams varies from i to at least 20 A, 
and the X-ray camera should be large enough to allow accurate 
measurements of the larger (low angle) spacings.^^^^^ 

Thermal Equilibrium. Equilibrium diagrams which are so 
essential to the development and control of modern alloys are proving 
of equal value in the manufacture of refractory materials. The con- 
struction of an equilibrium diagram for refractory materials presents 
difficulties seldom encountered in the study of alloys. The high 
temperatures, the small heat evolutions when phase changes take 
place and the serious under-cooling which is encountered owing to 
the sluggish attainment of equilibrium, all operate against the satis- 
factory employment of cooling or heating curve methods. The most 
frequently employed technique is to soak the refractory material at a 
given temperature for a sufficient time to ensure the establishment of 
equilibrium, whereupon the material is quenched to retain the high 
temperature structure. The final product is then subjected to a 
microscopic or X-ray examination to establish which crystalline phases 
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are present. A typical ternary equilibrium diagram for the system 
SiOz-MgO-AlaOa'^^®’ is illustrated in Fig. 220. . 

In addition to the formation of new phase structures, the con- 
stituents of refractories very often have wide ranges of mutual solid 
solubility. This is mainly on account of the lattice structure possessed 
by the majority of refractory minerals. In most of these materials, 
it is the mode of packing the large oxygen atoms which controls the 
fabric of the lattice. The small metal atoms fit in the interstices 
binding the oxygen atoms together into their characteristic groups. 
As it does not matter a great deal whether, for example, a silicon or 



Fig. 220. — ^The ternary system SiOg-MgO-AljOg. 
(F. P. Hall and H. Insley.) 


an aluminium atom is actually present, the composition of the material 
can often vary within wide limits and allow of quite wide ranges of 
solid solubility. 

Powder photographs of some of the phases present in the system 
SiOi-MgO-AlaOs are illustrated in Fig. 221.^^^®^ By the powder 
method, as little as i per cent, by weight of «-quartz can be detected 
in aluminium silicate refractories made from fireclay material. The 
sensitivity of the method depends on the phases which are present. 
One factor which complicates the interpretation of the powder 
pattern is a glassy phase which is generally present to a greater or 





a-Quartz, SiOg. 


a- Cristo halite, SiOg. 


a-Tridymite/SiOg. 



a- Alumina, AlgOg. 


Synthetic muUite, 
3Al20g,2Si02. 

Natural sillimanite, 
Al203Si02- 

Natural cyanite, 
Al 203 ,Si 02 . 


Kaolin, 

AlgOgyZSiOjjaHgO. 

ip Cordierite, 

2Mg0,2Al203,5Si0j 


221. — X-ray powder photographs of various Alumina-Silica substances, 
lo-cm, camera. Cu Ka radiation. 

(H. P. Rooksby and J. H. Partridge, Trans. Soc. Glass Tech., 24 , no, 1940.) 
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American Quartz Schist. 


German Kindlings Quartzite, 


Fig. 222. — ^Transmission patterns of silica from various localities. 
(A. H. Jay and J. H. Chesters, Trans, Ceramic 37 , 209, 1938.) 
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lesser degree. This can be identified by the presence of broad 
diffraction haloes on the powder diagram. Any quantitative deter- 
minations will only give the ratio of the crystalline constituents. 

Mullite. Sillimanite is a natural mineral having a (approximate) 
composition Si02Al203. When heated above C., it trans- 

forms to mullite, 3AI2O3. 2Si025 and silica Si02. There is a great 
similarity between the X-ray diffraction patterns of sillimanite and 
mullite which indicates a similarity in the atomic arrangements. It 
has been pointed out by W. H. Taylor ^^^"^^that in view of the similarity 
between the (Si04) and (AIO4) atomic groups, a replacement of an 
(5104) group in the sillimanite structure by an (AIO4) group would 
give the mullite structure if one oxygen atom in forty were removed. 

It is possible to synthesize mullites by heating finely powdered 
alumina and silica in the correct proportions for the formula 
3AI2O3. 2Si025 to a temperature of i> 75 o° C. for two hours. The 
X-ray patterns from the synthesis differs in only small details from 
natural mullites from North America and the Isle of Mull. From 
the slight variations in the high-order reflexions, H. P. Rooksby and 
J. H. Partridge have been able to distinguish three separate, 
though closely similar, crystalline varieties of mullite which they 
designate the a-, and y-forms. They also found that by adding- 
increasing amounts of alumina in the synthesis it was possible to 
obtain a gradual transition from the a- to the/? -variety, which can be 
regarded as the result of solid solution of alumina in a-mullite. 
Additions of quite small amounts of impurity such as FegOs or TiOg 
with alumina ip the synthesis were capable of producing large varia- 
tions in lattice spacing of a-mullite and ultimately converted it to the 
y-variety, which is typical of the natural mineral found at Ormsaig 
in the Isle of Mull. 

Crystal Texture of Refractory Materials. The principles 
of examining the crystal texture of refractory materials are precisely 
the same as those employed in the case of metals. To obtain infor- 
mation regarding the size of crystals and their orientation, we pass a 
beam of X-rays through a section of the refractory ground to a thin 
plate 0*2 mm. thick. The diffraction pattern is recorded on a flat 
film placed behind the specimen. Alternatively, a back-reflexion 
technique may be employed. The radiation is usually unfiltered, so 
that we obtain a pattern of Laue spots from the white radiation in 
addition to the reflexions produced from the strong' K<x and K/? 
components. 

Crystal size can vary considerably from one variety of silica to 
another, depending on the place of origin and even from point to point 
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within a given sample. These differences are illustrated by the trans- 
mission patterns shown in Fig. 222. The crystal size and amount 
of impurity present each exert a considerable influence on the rate 
and temperature at which the conversion from quartz to cristobalite 
and tridymite takes place on heating. Examination of a large number 
of patterns from various quartzites taken before and after firing reveal 
that it is the smallest crystals which invert most readily. 

Chromite ores from different sources reveal considerable varia- 
tions in crystal size and in the degree of preferred orientation. Grecian 
chromite and certain African ores contain fairly large crystals. A 
number of African deposits yield chromites having very fine textures, 
with little or no preferred orientation, as shown in Fig. 223 (a). 
Chromites from Turkish, Cuban and Indian sources show fairly small 
crystals having a considerable degree of preferred orientation. An 
X-ray pattern from a Turkish chrome ore is illustrated in Fig. 223 (F). 




[a) African Chrome Ore. [b) Turkish Chrome Ore. 


Fig. 223. — Transmission patterns of chrome ores from various localities. 
(A. H. Jay and J. H. Chesters, Tram, Ceramic Soc.y 37 , 209, 1938.) 


[Facing page 308. 


Fig. 325 W-— Microporosity in aluminium alloy casting (L 33). 

Positive print, fuU-size. Casting { in. thick. 80 Kv. 5 Milliamps, 63 seconds. Tube-film distance, 42 in. 
Kodak Industrex D film. No intensifying screens. Victor 220-Kv. oil-immersed tube. 

[Courtesy y English Electric Co,^ Ltd,) 



CHAPTER XII 


RADIOGRAPHY AND MICRORADIOGRAPHY 

General Principles. The foundations of medical and indus- 
trial radiography were laid by Rontgen when he discovered that 
X-rays could travel through matter and be recorded photographically. 
Gradations in blackness which correspond to fluctuations in density 
or defects in the material are obtained on the film. Such a pattern 
or shadow photograph of the internal macrostructure is termed a 
radiograph. The pattern may be rendered directly visible to the 
naked eye by screens of zinc blende, calcium tungstate or barium 
platinocyanide which have the property of fluorescing under the 
action of the rays.. 

Fig. 224 illustrates the principles of making a radiograph. 
Fundamentally the method is very simple. A permanently evacuated 
X-ray tube, generally of the incandescent filament type, fitted with a 
water-cooled tungsten target is normally employed. The rays travel 
out in straight lines from a small focal spot of projected area approxi- 
mately i-l mm. square, and strike the object placed a suitable distance 
away. Close behind the object is a fluorescent screen or the thin 



Fig. 2.24. — (a) Principle of making a radiograph. 

{b) Screening. Image is generally viewed via a mirror inclined at 45° to fluorescent screen* 
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aluminium cassette containing the photographic film upon which the 
record is made. Although the technique appears to be simple and 
straightforward, very great care is necessary to obtain radiographs 
which convey the maximum amount of detail and information. 

Screening is usually employed for the smaller castings of light 
alloys which are easily penetrated by X-rays. The castings are usually 
held by means of suitable tongs behind the fluorescent screen which is 
mounted as a “window’* in a lead-lined cabinet which shields the oper- 
ator from the direct beam and scattered rays. The operator holding the 
tongs wears protective gloves of leaded rubber and takes great care 
never to get his gloved hands in the direct beam. The specimen is 
manipulated into several positions with regard to the incident radiation 
so that it can be examined from every aspect. ’Screening is suitable 
only for the coarser types of defect such as blowholes and pipes. For 
the more subtle flaws and fine detail such as hair-line cracks or micro- 
porosity (Fig. ^2.5), the much more sensitive method of photographic 
radiography must be resorted to. With a complicated casting the 
best angle at which to radiograph the specimen is not always immedi- 
ately obvious and it is very^useful to screen the specimen in advance, 
for by this means the most suitable aspect can be quickly established. 

Tlie Perspectrosphere. Manipulating castings by means of 
tongs causes the operator a great deal of fatigue. Moreover, the ends 
of ^e tongs may cover a defect which means holding the specimen, 
in turn, in different places. The perspectro.sphere is designed to 
overcome these difficulties and give full protection from scattered 
radiation to the operator. An accurately made thin spherical shell 
spun from duralumin and approximately i ft. in diameter is filled 
with cotton wool which supports a specimen placed at the centre. 
The loaded sphere is then put on to a set of power-driven rollers 
which can rotate it into any position determined by an external control. 
The assembly is housed in a lead-lined cabinet with an opening for 
the X-ray beam and a viewing window through which a fluorescent 
screen placed immediately behind the sphere can be viewed via a 
mirror inclined at 45°. No supports can be seen on the shadowgraph 
of the specimen, which appears on the screen to be floating in space. 
A view of one form of this apparatus is given in Fig. 226. 

Important Factors in Making a Radiograph. Of the many 
factors which enter into the production of a radiograph, only a few 
of them are under absolute control. The radiographer has no control 
over the size, thickness, density or complexity of his casting. These 
must be accepted in advance and he must do the best he can to 
surmount the diffi,culties presented by each individual case. As far 
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Fig. 225 (h). — Large gas cavities and microporosity in cast steel Pelton wheel bucket. 

Positive print, full-size. Film in flexible cassette curved to circular contour of casting. Thickness of metal, i in. 215 Kv., 2 milliamps, 130 seconds. Tube 
film distance, 36 in. Kodak Indiistrex S film, two intensifying screens. Note outline of penetrametcr in top right-hand corner. Taken with Victor 400-Kv. 
oil-immersed tube, 

{Courtesy^ English Electric Co,, Ltd,) 


Fig. 226. — ^The Perspectrosphere Machine. TunniclifFe Model. 
(Siemens-Schuckert Ltd.) 
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as the X-ray tube is concerned, the operator has full control over the 
kilovoltage which governs the thickness of the material which can be 
penetrated by the radiation, and over the tube current which exerts 
a control over the exposure period. Assuming the kilovoltage on 
the tube is sufficient to ensure penetration, the exposure period is 
inversely proportional to the tube current and inversely proportional 
to the square of the distance from the target to the film. Partial 
control may also be effected over the film. The radiographer now 
has at his disposal a limited range of films with varying degrees of 
contrast and speed which are adequate to cover the majority of the 
problems which are to be encountered. 

The X-ray Film. The effective action of X-rays upon the 
emulsion of the film is intimately connected with absorption. Thus 



Fig. 227. — Eflfects of X-rays of difiEerent wavelengths on film emulsion. 

The short and long wavelength discontinuities correspond to the absorption edges 
of Ag and Br respectively. 


*‘hard” X-rays of short wavelength produced by very high tube 
potentials do not have as great an effect upon the film emission as 
rays of longer wavelength which are more easily absorbed. This is 
illustrated in Fig. 227, where a curve connecting photographic effect 
with wavelength is drawn. It will be noted that the. curve shows two 
sharp discontinuities. These correspond to the K absorption edges 
of the silver and bromine constituents in the emulsion. 

The density of blackening, B = logio^, of photographic film 

% 

(page 98) is a jfunction of the wavelength, the intensity of the radia- 
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tion and a power, of the exposure time. In the X-ray region the 
Schwartzschild constant^ is substantially equal to unity and therefore 
the density of blackening is a linear function of the exposure time. 
The characteristic curve of the film (Fig. 228) is obtained when the 
density of blackening is plotted as a function of logio -E where 
£ = intensity of X-ray beam X exposure time. If the intensity is 
kept constant, the logarithm of the exposure time may be plotted 
horizontally. This is rather different from the calibration curve of 
Fig. 58, where the simple exposure time is plotted as abscissa. 



A normal radiograph has a density of about 0-7 to I’O. For a 
density of 2*o only of the light from an ordinary viewing lantern 
passes through the film and the film appears too dark to see any 
detail. The range may be considerably extended beyond 2*0 if a 
special high-powered lamp is used to view small regions of the film 
at a time. It is then possible to radiograph a casting possessing large 
variations in thickness in one shot, and by viewing the denser portions 
of the film with the high-powered lamp, to economize in time and 
amount of film used. 

The characteristic curve has three distinct sections. At low 
intensities the curve rises slowly and merges, at a density of about o*4> 
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into the steep linear portion of the curve which, in turn, bends over 
near the reversal point. The inertia is a measure of the speed of the 
film. The slope, or y, of the linear portion is a measure of the 
contrast of the film. If the y is high, the film will readily distinguish 
between slightly different X-ray intensities and therefore between 
slight variations in the thickness of the specimen, but the range of 
specimen thickness which will keep the density of blackening within a 
reasonable range, say 0*5 to 1*5, is small. On the other hand, if the 
curve has a low slope, the film will have a wide latitude and will give 
a correct rendering for big differences in thickness, but the contrast 
for detecting small defects will be low (Fig. 228). In practice, a 
compromise must be sought between latitude and contrast, and it 
may be necessary to take several radiographs to cover the range of 
thicknesses presented by the specimen. 

Only a small amount of the radiant energy actually participates 
in blackening the film. In order to employ as much of the energy 
as possible and thereby reduce the exposure times, use is made of 
intensifying screens. They are generally thin layers of calcium 
tungstate powder on a cardboard backing placed in contact with the 
film during the exposure. These may be used in pairs, one in front 
of the film and one behind, with the calcium tungstate in contact 
with the film. The calcium tungstate fluoresces under the influence 
of the X-rays and emits a bluish light which has a strong action on 
the film. The speed can be increased by a factor of two, but since 
longer wavelengths are now influencing the emulsion of the film, the 
y of the film is also somewhat modified and the Schwartzschild - 
constant^ is no longer equal to unity. There is also some loss of fine 
detail owing to the finite size of the particles of the fluorescent powder 
of which the intensifying screens are composed. For light alloys of 
small section, where exposure times are relatively short and the finest 
detail is required, intensifying screens are seldom employed. 

For many purposes where the cost of film is high in relation to 
the product to be radiographed, it is often possible to substitute 
special X-ray papers which may be used with or without intensifying 
screens. The detail these papers can record is exceptionally fine, 
and excellent results can be obtained within a limited range of appli- 
cation, but in general radiographs on paper are inferior to those 
recorded on film. 

iElxpostire Charts. In Chapter II we described how the in- 
tensity I of the X-ray beam was reduced according to the relation 
I = after passing through material of thickness d. The 

absorption coefiicient is a function of the wavelength and the 
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material, so that for the continuous radiation emitted by a radiographic 
tube, the absorption will be a relatively complicated function, but will, 
in general, increase with the wavelength and the atomic weight and 
thickness of the material. Of the continuous spectrum emitted at 
a given tube potential, only the shorter wavelengths will succeed in 
getting through the material ; the remainder will be scattered and 
absorbed. The total energy in the X-ray beam is proportional to 
the square of the tube potential. The position of the maximum of 



Fig. 229- — ^Typical exposure curves for Aluminium. Tungsten target, full-wave 
rectification, tube-film distance, 30 in. No intensifying screens. 
iVb/tf.— Every tube has its own particular set of characteristic curves. 


the emission spectrum moves in the direction of decreasing wavelength 
as the tube potential is raised, and the short-wave limit set by the 
quantum condition also decreases as shown in Fig, 2 , page 8. 
Thus, with higher tube potentials, the penetrative power of the rays 
will be much greater. 

In making a radiograph it is important to use a sufficiently high 
tube potential to ensure adequate penetration of the specimen, hut 
no more. Using too high a voltage increases the penetrating power 
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of the radiation to such an extent that little if any discrimination 
will be effected between portions of the specimen having different 
densities. 

For ^ aluminium and magnesium alloy castings, an X-ray tube 
designed to carry 150 Kv. will be sufficient for almost all industrial 
purposes, while for the examination- of heavy metals, tubes running 
at potentials of 300—350 Kv. capable of penetrating some 4 .^ in. of 
steel are employed. For greater thicknesses of steel, special tubes 
running at 1,000 Kv. have been designed, and y-rays emitted by 
radium salts or radium emanation are employed. 

When large quantities of specimens have to be radiographed, the 
time factor in making a radiograph becomes of considerable import- 
ance and necessitates -cutting down the exposure period to a maximum 
of not more than two or three minutes. Usually this can only be 
achieved by increasing the penetrative power of the rays, which in 
turn, lessens the sensitivity. In practice a compromise must be 
reached between the desirability of speed and the attainment of 
radiographic perfection. 

To achieve correct exposure, it is customary to draw up a series 
of charts relating thickness of material, kilo-voltage and exposure in 
terms of milliampere-seconds for a given anode-film distance. Such 
a chart for aluminium drawn on semi-logarithmic paper is illustrated 
in Fig. 2,29. Each chart is characteristic of the tube for which it is 
drawn as no two tubes with their rectifying units are quite alike. 

Influence of Geometry and Scattering. The distance be- 
tween the X-ray tube and the specimen, the size of the focal spot and 
the depth of the flaw in the specimen each influences the sharpness 
with which the defect can be registered (Fig. 230). The finer the 
focal spot, the sharper will be the X-ray shadows which are produced. 
The distance between the X-ray tube and the specimen should be 
made as large as possible without unduly increasing the exposure 
time. The minimum tube-film distance should not be less than 
30 in. with the specimen not more than i in. from the film. To 
observe the fine detail present in the microporous castings of light 
alloys a tube-film distance of 4 to 5 ft. should be used. 

Even with correct geometrical factors and exposure conditions, 
the clarity of definition in the radiograph is greatly influenced by 
internal scattering as shown in Fig. 231. Scatter not only lessens 
the sharpness of definition, it materially adds to the background level 
since the scattered wavelengths are much longer than the directly 
transmitted rays and have a much greater influence on the film. This 
trouble may be overcome to a large extent by using a filter of gauge 
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Fig. 230. — Geometric factors which govern the sharpness of detail in a radiograph. 

(a) Large focus and short focus-film distance, 

(i) Sharp focus and long focus-film distance. 

20 brass sheet between the specimen and the film, which preferentially 
absorbs the softer scattered rays. An alternative device known as 
the Potter-Bucky grid originally employed in medical work is now 
finding industrial application for heavy sections of metal. It consists 
of thin wooden slats separated by thin lead strips. The primary rays 
pass straight through the light wooden slats while the scattered rays 
which travel at oblique angles are entirely cut off by the lead as shown 
in Fig. 231 (F). The grid must be moved slowly across the plate by 
a cam mechanism during the exposure period. The use of a Potter- 
Bucky grid increases the exposure period roughly 500 per cent. 

Still further improvements in the clarity of the radiograph can be 
effected by the use of a thin sheet of lead placed over the window of 
the X-ray tube. ' This absorbs the longer wavelength radiation but 
transmits the useful shorter wavelengths with little reduction in 
intensity. Secondary radiation also arises from the walls of the room 
and other objects which rescatter the rays scattered by the specimen 
and its surrounds. This is minimized by covering the walls of the 
room with thin lead sheet or a layer of barium plaster which absorbs 
the scattered radiation. To prevent any fogging of the film from 
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Fig. 231. — {a) Effect of internal scatter. 

(b) Potter-Bucky grid cutting out scattered rays. 


such extraneous radiation, the back and edges of the cassette are 
protected by thin lead sheet. 

The use of thin lead or lead-alloy foil as a combined filter and 
intensifying screen is slowly coming into vogue. The foil, which 
must be perfectly smooth and free from scratches, is laid in direct 
contact with the front of the X-ray film. The foil not only prevents 
scattered radiation from reaching the film, but also produces secondary 
electrons under the action of the primary rays which activate the film 
emulsion. With a tube potential of 150 Kv., sufficient secondary 
electrons are liberated to reduce the exposure time by a factor of 2, 
but at lower tube potentials the intensifying action is much less. 

Processing. Ranking equal in importance to correct exposure 
conditions is darkroom technique. All films, without exception, 
should be processed under conditions of standard time, temperature 
and developer concentration. ‘‘Snatching” films from the developer 
before the correct processing time has elapsed is very bad practice and 
leads to endless trouble in interpretation. Messrs. Kodak Ltd. and 
Ilford Ltd. each manufacture correctly blended developers and fixers 
for their films and issue full instructions as to their use. 

The films should be held in scrupulously clean frames of stainless 
steel for developing and fixing, and after rinsing for at least 30 minutes 
in running water they should be removed from the frames and hung 
by the corner with special clips to dry in a dust-free cabinet, preferably 
one which is fitted with a hot-air drier. In a small laboratory where 
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few films are processed, dish development is quite satisfactory and 
economical, but where large quantities of film are handled daily, it is 
much more satisfactory to use a correctly designed unit containing 
thermostatically controlled developing, fixing and rinsing tanks as 
supplied by Kodak or Philips Industrial. 

Use of Lead Markers. Every radiograph should carry a code 
identification number which is printed on the film during the exposure 
period by means of lead markers. A conventional position should 
be assigned to these markers, say the upper right-hand Corner of the 
film looking from the X-ray tube. Lead markers may also be placed 
on portions of the specimen. Their purpose is to test whether the 
beam has actually penetrated the specimen, in which case they will 
be clearly delineated, or whether the background of the radiograph 
has been produced only by scattered radiation, in which event a higher 
tube potential and a measure of filtration and screening is required. 
Stepped wedges built up of layers of the same material as the specimen 
and known as penetrameters are also used for the same purpose. 

Part of the scatter may have been produced by the direct beam 
passing through holes in the specimen or around it and then being 
scattered by the X-ray film itself. A putty of red-lead in linseed oil 
may be used to plug up the holes if they lie in such a direction as to 
permit the direct ray to pass through. Alternatively, small lead shot 
may be used, or the specimen immersed in an aqueous solution of lead 
acetate and lead nitrate. 

Foundry Applications. The main object of casting inspection 
by X-ray methods should be the prevention of faults by the develop- 
ment of a sound casting and alloying technique, rather than the 
rejection of unsound castings. For this reason, the correct place for 
the X-ray equipment is in the foundry itself rather than in the pur- 
chaser’s testing laboratory. 

The first few of a new type of casting should invariably be tested 
by radiography, and, if necessary, by breaking up some of the faulty 
castings in order to assist in the interpretation of the radiographs. 
It is most important that the radiographer in charge of interpreting 
the photographs should have had a sound training in foundry methods. 
Not only will he be able to discern the types of flaw present in the 
castings, but as a result of his apprenticeship in the foundry he will 
probably be able to suggest at once the corrections to be made in 
the temperature of pouring and in the dispositions of the runners, 
risers and ingates of the mould. 

The most common forms of imperfection are shrinkage cavities, 
blowholes from the mould or metal gases, cracks, inclusions, pro- 
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nounced dendritic formations, cold shuts and microporosity. Each 
is recognizable in the radiograph by its characteristic features. 
Microporosity, which is very prevalent in light alloys, is mainly caused 
by insufficient feed or by turbulence and is not easy to eliminate. 
It cannot be seen by screening and resort must be made to photo- 
graphic radiography and the use of fine-grained film. Kodak 
^‘Crystallex” film is exceptionally good for this purpose and should 
always be used even though the slow speed of the emulsion increases 
the exposure period by a factor of .three. 

For routine inspection, a perspective drawing of each casting 
should be provided on which numbered arrows indicating the various 
angles of shot, and data concerning the correct exposure conditions, 
are given. Setting up the specimen may be very awkward, and it is 
convenient to have a number of wooden cubes of various sizes con- 
structed and also a number of small inclined planes on which to rest 
the cassette and specimen at the correct angle. For awkward sections, 
flexible rubber cassettes may be used which allow the film to bend 
round the contour of the specimen. In difficult cases, it may even be 
necessary to cut the film to shape and to insert the pieces inside the 
casting. 

Attention should be drawn to all defects by marking the finished 
radiograph in white ink. A good viewing lantern such as the Philips 
Philora lantern fitted with mercury vapour lamp and dimming device 
is necessary for satisfactory inspection. It is good practice to make 
sliding screens whereby the area of the illuminated panel of the 
lantern may be cut down to the size of the radiograph under inspection. 

Radiograph.y of Welds. X-ray methods provide the most 
reliable means of examining welds and has been an approved method 
of inspection of all Class i welded high-pressure vessels for a number 
of years. Butt welds, which have the highest mechanical strength 
and are most frequently used, are ideal for X-ray examination, for 
their thickness is fairly even and allows for maximum sensitivity of 
the X-ray method. The other forms of weld, such as fillet and lap 
welds, cannot be X-rayed with quite the same high degree of precision. 

Almost all the types of defect which can arise in modern welding 
are capable of being revealed by X-ray methods. These are (a) lack 
of penetration or fusion between the weld and the parent metal, 
(h') blowholes or porosity due to gas, (r) slag inclusions, (d) shrinkage 
cracks. In most cases these are quite easy to identify. Blowholes 
are usually rounded and may easily be distinguished from slag in- 
clusions which have irregular contours. Typical weld radiographs 
are shown in Fig. 232. 
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If a serious defect is found in a weld, it may be necessary to locate 
its exact depth in order to decide from which side of the metal the 
defect should be cut out and repaired. This is easily done by the 
method of triangulation. Two separate photographs of the weld are 
taken with slightly different positions of the X-ray tube. The image 
of the flaw on the film is different in position with respect to the 
images of fixed lead markers on the top and underside of the weld. 
From the amount of shift and the focus-film distance it is a relatively 
straightforward matter to find the position of the defect by simple 
triangulation. Alternatively, special stereoscopic viewers may be 
employed. This practice is only really necessary for welds above 
I in. in thickness and is of more use in double V welds than in the 
more usual simple V- or U-shaped weld. 

When examining welds in large boilers, the general practice is to 
take films about 1 5 in. long on longitudinal seams. When examining 
circumferential seams, it is better to put the tube inside the boiler 
with the X-rays directed radially outwards. With this technique it 
is possible to radiograph 15 in. of weld with one shot, while if the 
tube is on the outside of the boiler, only about 10 inches of weld can 
be radiographed with the same high standard of perfection. Philips 
have designed special short anode and hollow anode tubes for the 
radiography of boiler welds. For thicknesses of steel up to 2 1 in.. 
X-ray units with a maximum potential of 150 Kv. are used. By 
using two 150 Kv. generators with a Philips ‘^Macro 300’' 300 Kv. 
tube, illustrated in Fig. 233, it is possible to penetrate 4f to 4 ^ in. of 
steel in an economic time. Portability is an important feature of the 
equipment which enables it to be used under the most adverse circum- 
stances on the construction site. 

The Victor X-ray Corporation have recently constructed a 
1,000 Kv. unit capable of penetrating up to 7 in. of steel. The unit 
employs a 180-cycle resonant transformer connected to a self-rectified 
multi-section Coolidge tube, the whole assembly being immersed in 
“freon’’ gas which is contained in an earthed metal tank. Running 
at 3-0 milliamperes and at 1,000 Kv. peak it takes only 27 minutes’ 
exposure period for 7 in. of steel at a distance of 32 in. from the 
tube.^^^®^ The equipment is illustrated in Fig. 234. Being a hollow 
anode tube, it can be inserted inside a boiler and used for radio- 
graphing entire circumferential seams in one shot. 

X-ray Planigraphy. In a radiograph, no defect can stand out 
with perfect sharpness since the pattern is formed by the more or less 
confused superposition of X-ray shadows cast from different layers 
in the radiographed object. By methods known variously as “planir- 





Fig. 234. — G. E. Victor i,ooo,ooo-volt gas-insulated X-ray unit. 
(Courtesy, Victor X-ray Corporation^) 
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graphy”, ‘"tomography’’ or “stratigraphy”, it is possible to examine 
any given stratum of the specimen and thus bring out with the greatest 
clarity the detail confined to the layer under observation. The 
essential principles underlying these methods are illustrated in 
Fig, 235. 

The planigraph is made by moving the tube and film in opposite 
directions while keeping the specimen stationary. In position (i). 
Fig. 235, B is the shadow on the film of the point P within the 
specimen. The X-ray tube is now moved slowly from A to A* while 




Fig. 235. — Principle of Planigraphy. The image of plane QPR re mains sharply defined 
during the movement of film and tube. 


the film is moved a proportionate amount in a parallel line in the 
opposite direction in such a manner that the shadow of P always falls 
on 5 . Thus no matter how big the movement, the image of P is 
always perfectly sharp. The same will be true for all points in the 
plane PQ lying parallel to the movement, and these too will be 
recorded with perfect definition, while layers in the specimen above 
and below this favoured plane will only record as a diffuse back- 
ground. 

Which stratum in the specimen is recorded depends on the 
relative movements of tube and specimen. In practice the object is 
generally kept much nearer to the film than to the tube. Variation 
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on the method keep the tube stationary while moving the object and 
the film by predetermined amounts. 

Gamma-Ray Radiography. The construction of X-ray equip- 
ment for the radiography of extremely thick steel sections is one 
which presents considerable difficulties. Fortunately, in radium 
there exists a natural source of X-rays, the so-called y-rays, which 
are emitted along with a-particles and electrons during the spon- 
taneous disintegration of the element. The enormous penetrating 
power of y-rays is due to their extremely short wavelength which 
corresponds to a generating potential greatly in excess of 1,000,000 
volts. The most usual source is radium sulphate ; the metallic form 
of radium is never used. To all intents and purposes, radium is 
indestructible, its emanating power falling to half of its initial value 
in 13580 years. During its disintegration, a radioactive gas, radon, 
is emitted. This is often used instead of the radium salt, but, having 
a half-value period of only days, its application is much more 
restricted. 

y-ray radiography is complementary to X-ray radiography in 
that it begins to be employed for the heavier sections where the use 
of X-rays becomes difficult. For sections of steel up to X-rays 

can be used without any serious difficulty ; above this thickness the 
use of y-rays becomes increasingly more economical and convenient. 
Radium occupies only a minute amount of space and is highly port- 
able. It therefore dispenses with the cumbersome equipment 
associated with high voltage X-ray tubes. Exposure times are much . 
longer with y-rays, for the photographic emulsion is relatively insen- 
sitive to rays with the shorter wavelengths as illustrated in Fig. 227, 
page 31 1. Exposures generally last several hours and may even 
run into many days according to the nature of the problem. Inten- 
sifying screens of thin lead may be used to cut down the exposure 
period somewhat. The intensity of the rays may be increased by 
. adding to the amount of radium at the source. This in turn increases 
the size of the source and tends to form less sharp images on the 
radiograph. Special exposure charts are drawn corresponding to 
the mass of radium in the source. 

The apparatus required for y-ray radiography is very simple. 
By arranging several specimens in a circle with films strapped to their 
backs in light-tight containers, it is possible to radiograph them all 
simultaneously by using a single radium source placed in the centre. 
It is always advisable to use duplicate films as a faint marking seen 
on both films confirms the existence of a small defect. 

Radium and its salts are very dangerous to handle, 'and a special 
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technique must be used to ensure the safety of the operator. The 
effects on the body are to some extent cumulative, making it necessary 
to have frequent blood counts as a check on the operator’s health. 
The salts are carefully sealed in small silver capsules which are kept 
in egg-shaped duralumin containers to minimize loss or damage. 
These containers are manipulated by long strings or tongs which 
enable the operator to keep at a safe distance, which is at least i o ft., 
unless he is shielded from the rays by lead or heavy castings. Finally, 
when not in use, the capsules should be kept in safes lined on all 
sides with a minimum of 6 in. of lead. 

Microradiography. Radiography only allows us to examine 
extensive zones of the irradiated object, and, while revealing the 
presence of defects such as cracks and cavities, it gives no information 
of the finer texture of the examined object. By using a specialized 
technique, known as microradiography, it is possible to obtain 
detailed information of the microstructure of a metal. 

In microradiography, we radiograph a heterogeneous object of 
very small size and then enlarge the picture by projection or view it 
under the microscope. The specimen, in the form of a thin plate 
some hundredths or thousandths of a millimetre thick, is placed in 
contact with the film and the whole is irradiated by X-rays of con- 
venient wavelength, the radiograph afterwards being enlarged. 

The microradiograph does not depend on the etching character- 
istics of the metal, and therefore the information which it gives is 
rather different and is not confined to the surface layer.. Since the 
mass absorption coefficient 

P 

where N is the atomic number of the element, X the wavelength and 
C a constant between two absorption edges, it follows that the absorp- 
tion for a given wavelength increases very rapidly with the atomic 
number of the element, whatever its state of combination. 

On account of the fine detail which is to be examined, ordinary 
films with their coarse-grained emulsions are quite useless and it is 
necessary to use Lipmann emulsions which enable enlargements of 
the order of X 600 to be made. Kodak have developed a special 
maximum resolution plate and fine-grain developer which are suitable 
for this purpose. On account of their fine grain, the emulsions of 
these plates are about 1,000 times less sensitive to X-rays than those 
of commercial coarse-grained films. 

One can only use very thin specimens of uniform thickness, from 
TWO of a millimetre at the most, if it is desired to avoid the con- 
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fusion produced by superimposed shadows. To get really good 
specimens is not at all easy. Thinning by acid attack is not very 
satisfactory, for specimens prepared in this manner are invariably of 
irregular thickness and are often perforated in places. Slow grinding 
and filing are quite satisfactory provided the specimen is kept cool to 
avoid structural changes, and a final finish is given on graded emery 
papers. The high polish required for ordinary microscopic exam- 
ination is not required. 

The specimen is placed in contact with the photographic film and 
a lead screen with a hole about ^ in. diameter is placed over it as shown 
in Fig. 236. The assembly is then fixed to the window of a fine- 
focus X-ray tube so as to be as near to the target as possible. The 
exposure time is naturally very variable, depending as it does on the 
thickness of the specimen, its composition and the wavelength of the 



radiation. With light alloys the exposure period is only a few 
minutes, while for alloy steels it is a few hours. The wavelength of 
the radiation should be chosen on the basis of alloy composition in 
such a way as to accentuate the contrasts by preferential absorption. 
By studying the positions of the absorption edges of the constituents, 
one easily arrives at a choice of wavelength. Suitable radiations for 
this sort of work are Cr Ka, Fe Ka, Co Ka and Cu Ka employing 
rectified current and a potential ranging from 10 to 20 Kv. The 
tube should be designed to pass a high current at these low potentials 
in order to reduce the exposure time to a minimum. 

A few typical microradiographs are illustrated in Fig. 237 at a 
magnification of 100. Figs. 237 (i) and 237 (J) and their corre- 
sponding photomicrographs (a) and (/) are of copper-aluminium 
alloys. The copper-rich areas which have the greater absorbing 
power appear as the lighter areas in the microradiographs, while the 
aluminium appears as the dark areas. The obvious interpretation 





{a) Photomicrograph of Al-Cu alloy used in 
aeroplane parts. 

(J>) IVlicroradiograph of same section. 

(c) Photomicrograph of Al-Cu alloy. Etched 
with NaOH solution. A 1 light, Cu 
dark, apparently homogeneous solid 
solution. 

(cl) Corresponding microradiograph. 

(e) Microradiograph of Lead-bronze. 


Facing page 325.] 


Fig. 237. 

(G. L, CiLARK, Fhoto Technique^ p. 20, 1939.) 
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of the microradiographs is that the alloys are heavily coredj but the 
corresponding photomicrographs make no such disclosure. The 
dendritic structure in lead-bronze is very beautifully brought out by 
the microradiograph in Fig. 237 (e). Cracks, porosity, inclusions 
and precipitated particles are easily shown by microradiographs. 

By far the most informative photographs are obtained with light 
elements to which are alloyed elements of much higher atomic weight. 
Brasses give no result at all in spite of the ease with which specimens 
can be prepared. The reason is that the copper (29) and the zinc (30) 
have similar atomic numbers and therefore similar absorption co- 
efficients. Apart from the few rare cases where the contrast between 
constituents is too low, microradiography, used in conjunction with 
microscopy, should be capable of yielding much valuable information. 
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APPENDIX 


MAKING LINDEMANN GLASS AND CELLOPHANE CAPIL- 
LARY TUBES FOR CYLINDRICAL DEBYE-SCHERRER 
POWDER SPECIMENS 

In making cylindrical powder specimens, the method of filling thin- 
walled capillary tubes which have a low absorption factor for X-rays 
is sometimes preferable to mounting the grains on a hair by means 
of Canada balsam. To make Lindemann glass for specimen tubes, 
mix 17-8 parts by weight of lithium carbonate with 5*8 parts of 
beryllium carbonate and 76-4 of boric acid. These ingredients are 
finely powdered, well mixed and fused in a platinum basin. Heating 
is prolonged until all the CO2 is driven off and the melt left perfectly 
clear and homogeneous. The temperature is allowed to fall until 
the viscosity becomes great enough to allow the fused mass to be 
drawn into capillary tubing. A silica tube 5-0 mm. in diameter 
is then dipped into the melt and withdrawn again, pulling after it 
a thin-walled tube which necks down into a capillary some 0‘3 to 
0*5 mm. in diameter. These tubes can be sealed off to maintain 
a vacuum. 

Thin cellophane tubes are also very satisfactory and are easily 
made. Dissolve cellophane clippings in a fifty-fifty solution of 
acetone and amyl acetate until the liquid is fairly viscous. A piece 
of soft copper wire of the required diameter is dipped in the cello- 
phane solution and hung up to harden for two days. When quite 
dry, the cellophane is scraped away from both ends with a razor 
blade and the wire is stretched by holding one end in a vice and 
pulling the other end with a pair of pliers. The wire is reduced in 
diameter on stretching, leaving the cellophane sleeve loose enough 
to slide off. The cellophane tube is then cut into suitable lengths 
and may be sealed with the solution. 

MAKING K/S FILTERS 

Filters to cut out the KjS component are made with a mass per 
square centimetre of filtering element given in Table I, page 14. 
Iron filters are best made from standard feeler-gauge steel 
thick rubbed down to o*oi8 mm. on 00 emery paper. Dissolving 
in acid tends to make the filter uneven and full of pinholes. Nickel 
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and copper filters are similarly made from thin^ rolled sheet, or by 
electrodeposition. 

Filters of metals which cannot readily be obtained as thin foil 
can be made by sieving the finely ground metal powder’ through 
350 mesh. The powder is then mixed with collodion solution and 
allowed to settle and dry on a clean glass plate. The collodion- 
bonded powder strips away very easily as a thin sheet which is then 
cut into convenient pieces 2 cm. square. Portions are tested 
with standard powder specimens in a Debye-Scherrer camera until 
a piece is found which yields a diffraction pattern free from K /5 in 
a reasonable period of time. This period is about 2-3 times as long 
as that required to take a photograph of the same density with unfil- 
tered radiation. An oxide of the metal may also be used, but the 
extra absorption of the Ka component, by the oxygen still further 
increases the exposure period. 

If a rock-salt or pentaerythritol crystal is used as a monochroma- 
tizer, it is, of course, quite unnecessary to employ a -filter in addition. 
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TABLE XXVIII 

INDICES FOR CUBIC CRYSTALS 

The following table gives values of 'sj and log 

with a degree of accurac/ sufficient for spacing determinations, k, k and / are written 
in descending order of magnitude for convenience, but it must be remembered that 
hy k and / can be interchanged without altering the value of + /^. Numbers 

of the form 42^(8^? + 7) cannot be expressed as the sum of three squares. Their absence 
is noted by marking the succeeding integer with an asterisk. 


/2 

V>i2 12 

1 

i 

A k I 

I 

1*000 000 

I 

0*000 0000 1 

100 

2 

1*414 214 

0*301 0300 : 

I I 0 

3 

1*732 051 

0*477 1213 j 

III 

4 

2*000 000 

o*6o2 0600 1 

2 0 0 

5 

2*236 068 

0*698 9700 1 

2 10 

6 

2*449 490 

0-778 1513 ; 

2 I I 

8* 

2*828 427 

0*903 0900 

2 2 0 

9 

3*000 000 

0*954 2425 

3 0 0; 2 2 I 

10 

3*162 278 

1*000 0000 

310 

II 

3-316625 

1-041 3927 

3 r I 

12 

3-464 102 

1*079 1812 

2 2 2 

13 

3-605 551 

1-1139434 

320 

14 

3-741 657 

1-146 1280 

3 2 I 

16* 

4*000 000 

1-204 1200 

400 

17 

4*123 106 

1-2304489 

4 I 0; 3 2 2 

18 

4*242 641 

1-255 2725 

1 4 I i; 3 3 0 

19 

4-358 899 

1-278 7536 j 

1 3 3 I 

20 

4-472 136 

1*301 0300 

1 

1 420 

21 

4-582 576 

1*322 2193 

» 

421 

22 

4-690 416 

1*342 4227 

332 

24* 

4-898 979 

1*380 2112 

422 

25 

5-000 000 

1*397 9400 

5 0 0; 4 3 0 

26 

5-099 020 

1-4149733 

5 I 0; 4 3 I 

27 

5-196 152 

1-43 1 3638 

5 I 3 3 3 

29^ 

■ 5-385 165 

1*462 3980 

5 2 0; 4 3 2 

30 

5-477 226 

1*477 1213 

5 2 1 
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TABLE XXVIII {continued) 


/2 


l0g(>42+A2+/2) 

k k 1 \ 

32* 

5-656854 

1*505 1500 

440 ! 

33 

5-744 563 

1-518 5139 

5 2 2; 4 4 I ! 

34 

5-830952 

1-531 4789 

5 3 0; 4 3 3 

35 

5*916 080 

1*544 0680 

531 1 

36 

6*000 000 

1-5563025 

6 0 0; 4 4 2 ; 

37 

6*082 763 

1*568 2017 

610 ! 

38 

6*164 414 

1-5797836 

6 I i; 5 3 2 ! 

1 

40* 

6-324555 

I *602 0600 

620 1 

41 

6*403 124 

1*612 7839 

621; 540; 443 

42 

6*480 741 

1*623 2493 

5 4 I 

43 

6-557 439 

1-633 4685 

533 i 

44 

6*633 250 

1-643 4527 

622 

45 

6*708 204 

1*653 2125 

6 3 0; 5 4 2 

46 

6-782 330 

1*662 7578 

6 3 I 

48* 

6*928 203 

i*68i 2412 

4 4 4 

49 

7*000 000 

1*690 1961 

7 0 0; 6 3 2 

50 

7*071 068 

1*698 9700 

7 I 0; 5 5 0; 5 4 3 

51 

7*141 428 

1*707 5702 

1 i 

7 I i; 5 5 I 

52 

7-211 103 

1*716 0033 

640 

53 

7*280 1 10 

1*724 2759 

7 2 0; 6 4 I 

54 

7-348 469 

1-732 3938 

7 2 l; 6 3 3; 5 5 2 

56* 

7-483 315 

1*748 1880 

642 

57 

7-549 834 

1-755 8749 

7 2 2; 5 4 4 

58 

7-615 773 

1*763 4280 

730 

59 

7*68i 146 

1*770 8520 

7 3 i; 5 5 3 





6i* 

7*810 250c 

1-785 3298 

6 5 0; 6 4 3 

62 

7*874 008 

1-792 3917 

7 3 2; 6 5 I 

64* 

8*000 000 

1-806 1800 

800 

^5 

8*062 258 

1-812 9134 

810; 740; 652 

66 

8*124 038 

1-819 5439 

8 I i; 7 4 i; 5 5 4 

67 

8-185 353 

1*826 0748 

7 3 3 

68 

^ 8*246 21 1 

1*832 5089 

8 2 0; 6 4 4 

69 

8*306 624 

1*838 8491 

8 2 i; 7 4 2 

70 

8*366 600 

1*845 0980 

653 
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TABLE XXVTII {continued') 


42 + 42 + p 

+ A2 -1- /2 

log(> 524 -^ 2 ^/ 2 )! 

k k 1 

72^ 

8-485 281 

1-857 3325 ; 

8 2 2; 6 6 0 

73 

8-544004 

1-863 3229 ; 

8 3 0; 6 6 r 

74 

8-6o2 325 I 

1-869 2317 1 

8 3 l; 7 5 0; 7 4 3 

75 

8-66o 254 i 

1*875 0613 : 

7 5 i; 5 5 5 

76 i 

8-717798 i 

1-880 8136 , 

662 

77 1 

8-774964 1 

1-886 4907 , 

8 3 2; 6 5 4 

78 1 

8-831 761 1 

1-892 0946 j 

7 5 2 

1 

80* 

8-944 272 

1 

1-903 0900 j 

0 

00 

81 

9-000 000 J 

1-908 4850 ! 

900; 841; 74 4; 663 

82 

9'055 38s 1 

1-913 8139 1 

9 I O;' 8 3 3 

83 

9-110434 1 

1-919 0781 1 

9 I 7 5 3 

84 

9-165151 1 

1.9242793 j 

842 

8s 

9-219 544 j 

1-929 4189 i 

9 2 0; 7 6 0 

86 

9-273 6.18 1 

1.9344985 1 

921; 761; 655 

88* 

9-380 832 

1.9444827 ! 

664 

89 

9-433 981 

1*949 3900 

92 2; 8 50; 84 3; 762 

90 

9-486 833 

1-954 2425 

9 3 0; 8 5 1; 7 5 4 

91 

9-539 392 

1-959 0414 

931 

93 * 

9-643651 

1-968 4829 

852 

! 94 

9-695 360 

1*973 1279 

9 3 3; 7 6 3 

i 96^ 

9.797959 

1-982 2712 

844 

97 

9*848 858 

1-986 7717 

9 4 0; 6 6 5 

98 

9.899495 

1-991 2261 

9 4 i; 8 5 3; 7 7 0 

99 

1 

9-949874 

1-9936352 

9 3 3; 7 7 i; 7 5 5 

100 

10-000 000 

2-000 0000 

10 0 0; 8 6 0 

lOI 

10*049 88 

2-004 3214 

10 I 0; 9 4 2; 8 6 i; 7 6 4 

102 

10-099 50 

2-oo8 6002 

10 I i; 7 7 2 

i 104* 

10-198 04 

2-017 0333 

10 2 0; 8 6 2 

105 

10-246 95 

2-021 1893 

10 2 i; 8 54 

106 

10*295 63 

2-025 3059 

9 5 0? 9 4 3 

107 

10-344 08 

2-029 3^3^ 

9 5 i; 7 7 3 

108 

10-392 30 

2-033 4238 

ro 2 2; 6 6 6 

109 

10*440 31 

. • 

2*037 4265 

j 

10 3 0; 8 6 3 

no 

10-488 09 

j 3-041 3937 

i 

10 3 i; 9 5 2; 7 6 5 
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TABLE XXVIII {continued) 


+ /2 

+ + 


A k l 

113*^ 

io'630 1 5 

2-053 0784 

10 3 2; 9 4 4; 8 7 0 

II4 

10-677 08 

2*056 9049 

871; 85 5; 774 


10*723 81 

2*060 6978 

9 5 3 

I16 

10-770 33 

2*064 4580 

10 4 0; 8 6 4 ^ 

II7 

io-8i6 65 

2*068 1859 

10 4 i; 9 6 0; 8 7 2 

I18 

10*862 78 

2*071 8820 

10 3 3; 9 6 I 

120* 

10*954 45 

2*079 1812 

10 4 2 

I 2 I 

1 1*000 00 

2*082 7854 

no 0; 96 2; 766 

122 

11-045 36 

2*o86 3598 

II I 0; 9 5 4; 8 7 3 

123 

11*090 54 

2*089 9^^$^ 

■II I i; 7 7 5 

125* 

ii-i8o 34 

2*096 9100 

II 2 O; 10 5 0; 10 4 3; 8 6 5 

126 

11*224 97 

2*100 3705 

II 2 l; 10 5 l; 9 6 3 

128* 

11*313 71 

2*107 2100 

880 

129 

11-357 82 

2*iro 5897 

II 2 2; 10 5 2; 8 8 I; 8 7 4 

130 

11-401 75 

2-113 9434 

II 3 0; 9 7 0 

I3I 

11-445 52 

2*117 2713 

II 3 i; 9 7 i; 9 5 5 

132 

11-489 13 

2*120 5739 

10 4 4; 8 8 2 

133 

11-532 56 

2*123 8516 

964 

134 

11-575 84 

2-127 1048 

II 3 2; 10 5 3; 9 7 2; 7 7 6 

136* 

ii-66i 90 

2-133 5389 

10 6 0; 8 6 6 

137 

11-704 70 

2*136 7206 

II 40; 106 i; 8 8 3 

138 

11-747 34 

2-139 S79I 

II 4 i; 8 7 5 

139 

11-789 83 ■ 

2-143 0148 

II 3 3; 9 7 3 

140 

11*832 16 

2*146 1280 

10 6 2 

14I 

11-874 34 

2-149 2191 

II 4 2; 10 5 4 

142 

11*916 38 

2*152 2883 

9 6 5 

144* 

12*000 00 

2-158 3625 

12 0 0; 8 8 4 

145 

12*041 59 

2*i6i 3680 

12 I 0; 10 6 3; 9 8 0 

146 

12*083 05 

2-1643529 

12 I i; II 5 0; II 4 3; 9 8 i; 9 7 4 

147 

12*124 36 

2-167 3173 

II 5 i; 7 7 7 

148 

12*165 53 

2*170 2617 

12 2 0 

149 

12*206 56 

2*173 i ^^3 

12 2 i; 10 7 0; 9 8 2; 8 7 6 

150 

12*247 45 

2*176 0913 * 

II 5 2; 10 7 l; 10 5 5 

152* 

12*328 83 

2*i8i 8436 

12 2 2; 10 6 4 
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INDEXING OF LINES IN POWDER PHOTOGRAPHS BY THE 
METHOD OF HULL AND DAVEY 

Tetragonal and hexagonal crystals involve a cell edge (^) and an 
avigl ratio (c/a). It is therefore possible to index their Debye- 
Scherrer reflexions by means of special charts devised by A. W. Hull 
and W. P. Davey (Physical Revie'w, 17, 549? 

In the case of a hexagonal crystal, the spacing d of the family 
of planes with Miller indices (hkl) is given by the Bragg relation 

sin e = ^ = + + k^) + /V'j-Y • (0 

id laN y JaJ 

If we let 

X = log = — log + AA 4 - A*) + /V . ( 2 ) 

We obtain from (i) on taking logarithms 

A 

— log sin 6 = X — log — . . . ( 3 ) 

For each set of Miller indices (JikT) equation ( 2 ) or ( 3 ) yields one 
curve, which is indicated on the Hull-Davey charts with its appro- 
priate indices. The plots show the spacings of all possible planes 

c 

(within the range of the plot) as a function of the axial ratio-. The 

scale of abscissae is logarithmic so that if the planar spacings d calcu- 
lated from the Debye-Scherrer photograph are plotted on the same 
logarithmic scale shown on the bottom of each plot, they may be 
compared directly with the theoretical values without regard to the 
absolute length of the unit axes. 

In order to compare the observed spacings with the theoretical 
values of the plots, a strip of paper is placed beneath the logarithmic 
scale of abscissae of the chart, and the values of the interplanar spac- 
ings d laid off along its edge. The strip with its pattern of lines 
is then moved about over the plot with its edge always parallel to 
the axis of abscissa, until a position is found where its pattern 
coincides exactly with that of the chart. 



250 300 400 500600 800 1000 2000 

Fig. 238. — ^HuU-Davey Curves for the hexagonal system. 

Fig. 2 ;j 8 shows a typical Hull-Davey chart for the hexagonal 
system. Similar curves are also drawn for tetragonal lattices. The 
plots have only a limited usefulness as they tend to become very 
crowded at small values of log d/na^ which makes it difficult to be 
sure that a coincidence does not belong to one of many curves. To 
be really useful, the Hull-Davey charts must be drawn on a very 
large scale. 

INDICES FOR THE HEXAGONAL SYSTEM 

The values of B at which the X-ray reflexions from a hexagonal 
crystal appear are given by the relation 

where 

s = fik ki 4- ih : i = — W + k). 
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TABLE XXIX 

Values of s ^ hk and for Hexagonal Crystals 


1 

s i 

1. 

h 

i 

i 

s 


k 

k 

/ 


3 





3 




I 

1-3 

I 

0 ! 

X 

100 

133*3 

10 

0 

56 

3 

4-0 

I 

I 

2 

103 

137*3 

9 

2 

55 

4 

5*3 

2 

0 

2 

108 

144*0 

6 

6 

12 

7 

9*3 

2 

I 

3 

109 

145*3 

7 

5 

12 

9 

12*0 

3 

0 

3 






12 

1 6*0 

2 

2 

4 

III 

148*0 

10 

I 

55 

13 

17-3 

3 

I 

4 

112 

149*3 

^ 8 

4 

55 

i6 

21*3 

4 

0 

4 

117 

156*0 

9 

3 

12 

19 

25*3 

3 

2 

5 

121 

i6i*3 

II 

0 

5 5 

21 

28-0 

’4 

I 

5 

124 

165*3 

IC 

2 

5 ^ 

25 

33*3 

5 

0 

5 

127 

169*3 

7 

6 

13 

27 

36-0 

3 

3 

6 

129 

172*0 

8 

5 

13 

28 

37*3 

4 

2 

6 

133 

177*3 

1 1 

I 

55 

31 

41*3 

5 

I 

6 

133 

177*3 

9 

4 

13 

36 

48*0 

6 

0 

6 

139 

185-3 

10 

3 

13 

37 

49*3 

4 

3 

1 





55 

39 

52-0 

5 

2 

7 

144 

192*0 

12 

0 




147 

196*0 

1 1 

2 

13 

43 

57*3 

6 

I 

7 

147 

196*0 

7 

7 

14 

48 1 

64-0 

4 

4 

S 

148 

197*3 

8 

6 

54 

49 

65*3 

7 

0 

7 





U 

49 

^ 5*3 

5 

3 

S 

151 

201*3 

9 

5 




156 

208*0 

10 

4 

14 

52 

69-3 

6 

2 

8 

157 

209*3 

12 

I 

53 

57 

76-0 

7 

I 

8 

163 

217-3 

II 

3 

U 

61 

8 i -3 

5 

4 

9 

169 

225*3 

13 

0 

13 

63 

84-0 

6 

3 

9 

169 

225*3 

8 

7 

55 

64 

85-3 

8 

0 

8 


228*0 



15 

67 

89-3 

7 

2 

9 

171 

9 

6 






172 

229*3 

12 

2 

14 

73 

97.3 

s 

I 

§ 

17s 

233.3 

10 

5 

15 

75 

100*0 

! 5 

5 

16 





15 

76 

101*3 

6 

4 

io 

181 

241*3 

II 

4 

79 

105*3 

7 

3 

56 

183 

244*0 

13 

I 

S 4 





189 

252*0 

12 

3 

15 

81 

108*0 

9 

0 

9 





56 

55 

84 

112*0 

8 


56 

192 

193 

256*0 

257*3 

8 

9 

8 

7 

91 

121*3 

6 

5 

Si 

196 

261*3 

14 

0 


91 

121*3 

9 

I 

56 

196 

261*3 

10 

6 

56 

93 

124*0 

7 

4 

55 

199 

265*3 

13 

2 

15 

97 

129*3 

8 

3 

55 1 







M 
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TABLE XXX 

Number of Co-operating Planes for Powder Photographs 
CUBIC SYSTEM 


Space-Groups 

hkl 

hhl 

okl 

okk 

hhh 

ool 

o, O Ta 

48 

24 

24 

12 

8 

6 

T 

2.24 

24 

2.12 

12 

8 

6 


HEXAGONAL AND RHOMBOHEDRAL SYSTEMS 


Space-Groups 

hkil 

hh2.hl 

okkl 

hkio 

hk2.ho 

okko 

000 / 


1^6 ^67 

^3h 

24 

12 

12 

12 

6 

6 

2 

^6h 

C, 

C 31 J 1 

2.12 

12 

12 

2.6 

6 

6 

2 

^3d 

Da 

Cav 

2.12 

12 

2.6 

12 

6 

6 

2 

^Si 

Ca 


4.6 

• 

2.6 

2.6 

2.6 

6 

6 

2 


TETRAGONAL SYSTEM 


Space- Groups 

hkl 

hhl 

okl 

hko 

hho 

oio 

ool 

D,a 

D4 Q, V4 

16 

8 

8 

8 

4 

4 

2 

^ 4 h 

C. S4 

2.8 

8 

8 

2.4 

4 

4 

2 


ORTHORHOMBIC SYSTEM 


1 

Space-Groups 

hkl 

okl 

hoi 

hko 

^00 

0^ 

00/ 

Va V Q 

8 

4 

4 

4 

2 

2 

2 


MONOCLINIC SYSTEM 


Space-Groups 

iio/ 0^0 

Cgh Cjj Cg 

422 
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EMISSION SPECTRA AND ABSORPTION EDGES 

The tables of the strongest lines in the K, L, and M spectra and 
absorption edges given below are from Siegbahn’s Spektroskopie der 
Rdntgenstrahlen. The most pronounced edges of the L and M series 
only are given. The X-unit of wavelength used in the tables below 
is very nearly equal to cm. or io“^ Angstrom units.* It 

is based upon an assumed value of the (200) spacing of calcite which 
is taken to be 3029-45 X-units. Correcting for refraction, the 
actual value of the spacing taken for the 200 order in the calculation 
is 3029-04 X“Units, 

It is possible to use these emission spectra as a means of identify- 
ing elements in an unknown substance. The unknown is made the 
target of the X-ray tube and the emitted X-rays are reflected from 
the face of a calcite crystal which acts as an analyser. From the 
spacing of the reflecting planes and the angle at which a reflexion 
appears, the wavelength emitted by the tube can be calculated and 
the element responsible for it determined by looking up the tables. 

In taking X-ray diffraction patterns, it must be remembered 
that if the radiation lies just on the short W2ive side of an absorption 
edge of the specimen, it will be heavily absorbed and rescattered as 
incoherent radiation with longer wavelength which produces a dense 
background on the photograph. This may be avoided by choosing 
:a radiation which lies well away from the absorption edge on the 
tshort wave side, or just beyond the edge on the long wave side. 


* Cf. footnote on page 15. 
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TABLE XXXI 

K Emission Spectra and Absorption Edges 


Element 

Atomic 

No. 

a2 

“i 

A 

h 


Absorp- 

tion 

Edge 

Sodium . 

II 

1188; 



1 1 594 

i-S 


Magnesium . 

12 

9869 


9539 

S3 t 

9496-2 

Aluminium . 

13 

8320-5 


7965 

dj f-Q 

7935-6 

Silicon 

14 

7111*06 


6754-5 

0 

6731-0 

Pkosphorus . 

15 

614: 

i-5 


5792-1 

en +-» 

5774-9 

Sulpkur . 

16 

5363*7 

5361-3 


5021*1 

3..S 

5008*8 

Cklorine . 

17 

4721*2 

4718-2 


4394*2 


4383-8 

Potassium 

19 

3737.07 

3733-68 


3446-8 

T . 

3431-0 

Calcium . 

20 

3354-95 

3351-69 


3083-4 


3064-3 

Scandium 

21 

3028*40 

3025-03 

(U 

2773*9- 

Mi 

2751*7 







s ^ 


Titanium . 

22 

2746*81 

2743*17 

0 

CO 

2 50Q*O 


2491*2 

Vanadium 

23 

2502*13 

2498-35 

4 -t 

2279*7 


2263*0 

Ckromium . 

24 

2288*91 

2285*03 

0 

a 

2o8o*6 


2065*9 

Manganese . 

25 

2101*49 

2097*51 


1906*20 

-"B-l 

1891*6 

Iron . 

26 

1936*012 

1932*076 

s 

1753*013 

u, g ^ 

0 

1739-4 

Cobalt 

27 

1789-19 

1785-29 

» 

'Q. 

1617-44 


1604*0 

Nickel . . 

28 

1658-35 

1654-50 


1497-05 

1485*61 

1483-9 

Copper . 

29 

1541*232 

1537-395 


1389-35 

1378-24 

1377-4 

Zinc . 

30 

1436-03 

1432*17 


1292-55 

1281*07 

1280*5 

Gallium . 

31 

1340-87 

1337-15 


1205*20 

1193-8 

1190*2 

Germanium . 

32 

1255*21 

1251*30 


1126*71 

1 1 14-59 

1114*6 

Arsenic . 

33 

1177-43 

1173-44 


1055*10 

1042*81 

1042*63 

Selenium . 

34 

1106*52 

1102*48 


990*13 

977.91 

977.73 

Bromine . 

35 

1041*66 

1037-59 


930-87 

918-53 

918*09 

Krypton . . 

36 

9: 

78 


875 



Rubidium 

37 

927*76 

923-64 

827-49 

826-96 

814-76 

814*10 

Strontium 

38 

877*61 

873-45 

781-83 

781-30 

769*21 

768*37 

Yttrium . 

39 

831*32 

827*12 

739-72 

739-19 

727*13 

725-5 

Zirconium . 

40 

788-51 

784-30 

700*83 

700-28 

688*50 

687-38 

Columbium . 

41 

748-89 

744-65 

664*96 

664-38 

652*80 

651-58 

Molybdenum 

42 

712*105 

707-831 

631*543 

630-978 

619*698 

618*48 

Ruthenium . 

44 

646*06 

641-74 

571-93 

571-31 

560*51 

558-4 

Rhodium 

45 

6i6*37 

6 1 2*02 

545*09 

544-49 

533-96 

533-03 

Palladium 

46 

588-63 

584-27 

520-09 

519-47 

509*18 

507-95 

Silver 

47 

562*67 

558*28 

496-65 

496-01 

j 486*03 

484*48 
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TABLE XXXI { continued ) 


Element 

Atomic 

No. 



ft ft 

ft 

Absorp- 

tion 

Edge 

Cadmium 

48 

538-32 

533.90 

474-71 474-08 

464*20 

463-13 

Indium . 

49 

515-48 

511-06 

454-23 453-58 

444*08 

442-98 

Tin . . . 

50 

4 .g 4.*02 

489-57 

434-95 434-30 

424*99 

423-94 

Antimony 

51 

473*87 

469-31 

416-23 

407*10 

406*09 

Tellurium 

52 

454-91 

450-37 

399-26 

390-37 

389-26 

Iodine 

53 

437-03 

432-49 

383-92 j 383-15 

374-71 

373*44 

Xenon 

54 

417 

; 360 



Caesium . 

55 

404-11 

399.59 

354-36 ' 353-62 

345-16 

344-04 

Barium . 

56 

388-99 

384-43 

340-89 340-22 

332*22 

330*70 

Lanthanum . 

57 

374-66 

370-04 

328-09 327-26 

319*66 

318-14 

Cerium . 

58 

361-10 

356-47 

315-72 315*01 

307*70 

306*26 

Praseodymium 

59 

348-05 

343-40 

304-39 303-60 

296*25 

295-1 

Neodymium . 

60 

335*95 

331-25 

293-51 292-75 

285.73 

284-58 

Samarium 

62 

313-02 

308-33 

273-25 272-50 

265.75 

264-4 

Europium 

63 

302-65 

297-90 

263-86 263-07 

256-45 

254-8 

Gadolinium . 

64 

292-61 

287-82 

254-71 253-94 

247*62 

246-2 

Terbium . 

^5 

282-86 

278-20 

246-29 245-51 

239*12 

237-6 

Dysprosium . 

66 

273-75 

269-03 

237-87 237-10 

231*28 

230-1 

Holmium 

67 

264*99 

260-30 



— 

222-64 

Erbium . 

68 

256-64 

251-97 

223-00 222-15 

216*71 


Thulium . . 

69 

248-61 

243-87 

215-58 214-87 

— 

208-5 

Ytterbium 

70 

240-98 

236-28 

209-16 208-34 

203-22 

201-6 

Lutecium 

71 

233-58 

228-82 

202-52 201-71 

196-49 

I95-I 

Hafnium . 

72 

226-53 

221-73 

195-83 195-15 

190*42 

1 90- 1 

Tantalum 

73 

219-73 

214-88 

189-91 

184*52 

183-6 

Tungsten 

74 

213-45 

208-62 

184-22 

178-98 

178-22 

Osmium . 

76 

201-31 

196-45 

173-61 

168-75 

167-55 

Iridium . 

77 

195-50 

190-65 

168-50 

163-76 

162-09 

Platinum 

78 

190-04 

182*23 

163-70 

158-87 

157-70 

Gold . . . 

79 

184-83 

179.96 

159-02 

154-26 

153-20 

Thallium 

81 

174-66 

169-80 

. I5O-II 

145-39 

144-41 

Lead . 

82 

170-04 

165-16 

146-06 

141-25 

140-49 

Bismuth , 

83 

165-25 

160-41 

142-05 

136-21 

136-78 

Thorium . 

90 

136-8 

132-3 

116-9 

113-4 

112*70 

Uranium 

92 

130-95 

126-40 

111*87 

108*42 

106-58 ? 

1 . 

Approximate relative 

1 50 

100 

7 14 

1 

< 5 


intensities 

J ^ 
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Absorp- 

tion 

Edge Liil 

^0-^0 ^00 Y' ^ '^00 i/^oo Koo‘ 

cn6'b^6^6'^^ f^vo ^ c^ 6 b 

'Th'vO ' 4’'0 mOVO N 0 O^O^M On-^mvO 

00 rr»ch Csc^w ^so tH w o^oo tn n hh 0 o^oo 

comcococo M nnnmh 


0000 oot^ '^O^OPoO^ trwO N «^00 00 M 

I I 1 4 ^- I N in VO -^d-ob in 4 d- invo v6 '^d*v6 in in 

enO MOvt^»ncni-tC^oot^mmN t-iO O^oo k 

inxn ri-mcntnmcnN NNNciri nc^i-hmh ! 


tJ-oo OvO^ONCO-^uny^riJ OOvOtnw 
cbcbinNts,iv6N ^>.cibfv.cbN invo la 6v N 

voooo Ovrh t^tnOOONvo OvOtnoot^tv>tv>ooo\^ 
OvLnOvOtn -^N 0 t^vO N m Ovoo m Tj- cn m. 0 0\ 

vovo^O mm ’^'<d-Tj-tncnmcnmc'lr»Mnj 


p^oo ^ OVON Y^’^Y'9r'r'9?^ V^°? 00 ><!{. 

Oi-^t^MOwNO NM-rf- O^vO '^OmO 0^ in 4 }- 6 i»vb 

0 QnO mmTj-woo vOvOt^CTNcnooThOvO 'nl- mvo On 

oocnOvOtAOmN OODvO'^cnniO Onvo m tA c» w ch 

00 vovO^O mmmT}-Th'td-tnmtn«nmenr»cic 4 nncjnh 

0 VO M 


N M 00 . 

MM '^NMVOw^•Th^^m'^^C^w^MO^O cnOV'^NO 

6vob Ai- do -rj-vb m H-vb mco inMCONM inincJriod 

vomt^ MOvOt^'d- C 4 C< tAvO ONTf-OvONi-i OOwrJm 
irv^tnOvvONO-^N OoovO’^n MOoovOLnThcnc»MOv 
vovom mmin-^-^ Td*cncnmtn cncncJ N N N o*Nh 


NOOOvw ^oO'^MG^vOw^'^enOwoOTj-M 

II 1 III 6 M N b i^vb Mt>.vbvbvbvb bvdb 4 j-A}-Mcb 

txsC^i-ivONOOvO tAvO wtv,'»d-0 Cv ONO wenK 
m w ov cn M OvvO mtnM Ooot^Lntnc^riMOoo 
mm-rJ-Td-'^ cnentnentn tne« n n n n etMH 

qqI 

p ov Y' Y' 9 9 'r' °? 9^ ?*" 9 Y o ov r» \d 

OOOwmooOv, biA'bvbwAf* tv.vb 6K.f^obb6r^f* inMvnftin 
cnvowmovwo ►-<0 tnNtntd-t^ Mt^ent^vo mm mvO Ov 

OOvQj-'mt'^M IvONfS'^MVOcnMCht^mtnc'JO Ovo m H- «n e» m Ov 

cnwMOQNOOOO vovo ^ mmT|-'»d-'«d-tntntntncncn«v»Mc< NNNMh 

M M M M 

i? 

0 t^oo mvo oot^Noop^>“<vO 
Nmints^dbmi^inN mmjm sb On b^vb in in 

M Ov tnoo m Td" Ti^vO Qv cnoo -^oo vo m m mvo Ov 
vr5 moo m mM Ovt^m >d“N »-iOO t^vo m'^d’^H 

V'. mm'<d-'<d-Ti-'d-mmmmmmc<»n» nnno»N 

voOOmN r»oo .oomvo 


m M n ■ri-'O Ov m 1 00 '«d- O 

mNMOOvoooo vovovo l^vo vo 00 m 00 0 OvvO O Ov m \o vO 

MMMM oOMcninvb invb W w 6^0 m bv do in tv. in in 

MO'^Ov'Ommt-vO ThOvmOvt-vVOvOvOt^O 
t-v t 1-00 m m m On t^vo tI-N woo t^vo m'id-m« 
mmTi-Td-'^Thmcnmmmtnt»t^ c^r»WNc» 

p- 

OOv ciNMmMOOvO mw ^ 

OOOt^w ovm.vow invo vO , w b 6 w Ov, , iof-vH-Tj-t's’^Ti- 

mMVOOow mm OmONOvm M-intnoot^oo Ov OOmmMOOw 

OOVOmmi^ Ovci 1 mO Ln MOOlOvvOThMOvt^ml I Qsoo t^vO m tJ* N 

-^mNi-tO OvQv tvt^vOvOm •^'«d'’ 4 'H-mmm WM 

M M M M M 

- 

■'d'O vovpmmm ^>7* ^vo t^ w m 

OOONOO n , OvO .vbt^bvt^MOvinbbbv bveb 0 indb b t>. 

On m ov c» t^vO Ovw OOO mOvt>. mvQ OOM-id-Lnc^ OOOt^t^tv. 

M Ovoo OvO r»mloo 1 ooml-^d*t» Ovvo H-o>Ooot^mc>»iM 000 t^vo vj- 
mmtJHM OOv VOVO mm-^Tt-'^'Tl-Tt*mmmmmmNNr<c^ 

l-l HI M HI >-l l-H 

Atomic 

Num- 

ber 

Ov 0 M N m '«d- m t>s00 Ov O m r 4 m vO t^OO O' O w n m mvo t>.oo Ov O c« 

« mmmm mmmmm -^d’vd-'rh'td-m mmm mi mi un m mvo vO 

Element 

Copper . . 

Zinc . . . 

Gallium . 
Germanium . 
Arsenic . 

Selenium 
Bromine . 
Rubidium 
Strontium 
Yttrium . 
Zirconium . 
Columbium . 
Molybdenum 
Ruthenium . 
Rhodium 
Palladium 

Silver 

Cadmium 
Indium . . 

Tin . . . 

Antimony 
Tellurium 
Iodine . . 

Caesium . . 

Barium . . 

Lanthanum . 
Cerium . 
Praseodymium 
Neodymium . 
Samarium 
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TABLE XXXIII 

M Emission Spectra and Mv Absorption Edges 


Element 

Atomic 

Number 

“2 

aj 

iS 

y 

JMy Absorp- 
tion Edge 

Tantalum . 

73 



7237 

7008 

6299 


Tungsten . 

74 

— 

6969 

6743 

6076 

6702 

Rhenium . 

75 

— 

6715 

6491 

5875 



Osmium 

76 

— 

6477 

6254 

5670 

6194 

Iridium . 

77 

6262 

6249 

6025 

5490 

5961 

Platinum . 

78 

604s 

6034 

5816 

5309 

5746 

Gold 

79 

5842 

5828 

5612 

5135 

5529 

Thallium . 

81 

5461 

5450 

5239 

4815 

5136 

Lead 

82 

5288 

5274 

5065 

4665 

4945 

Bismuth 

83 

5119 

5108 

4899 

4522 

4762 

Thorium . 

90 

4143 

4130 

3934 

3672 • 

3722 

Uranium . 

92 

3916 

3902 

3708 

3473 

3491 


TABLES OF X-RAY ATOMIC SCATTERING FACTORS 
The following tables of atomic scattering factors are for atoms at 

rest. For convenience they are given as a function of ^ ^ which 

makes them adaptable for radiation of any wavelength. They must 
be corrected for heat motion by means of the Debye- W^aller tem- 
perature factor 

Table XXXIV is based upon the Hartree model of the electron 
distribution in light atoms which -is obtained by the method of self- 
consistent fields. For atoms heavier than Rb, the atomic scattering 
factors may be computed from the more approximate Thomas- 
Fermi electron distribution. The fa values of Cs, atomic number 
55, are first calculated, and, for an atom of atomic number Z, each 

value of fa is multiplied by Z/55 and each value of ^ by (55/.Z)i. 

A 

The resulting values are given in Table XXXV. 

The y^factors in the tables are computed making no allowance 
for possible variations with wavelength. In the region of an 
absorption edge of the scattering atom, the value of fa decreases 
by several units. We may obtain the true value of the scattering 
factor f for radiation of wavelength A from the expression 

/ = /, - d/. 

Values of the decrement Af calculated by Hsnl are given in 
Table XXXVI. They are tabulated in terms of the ratio 
where is the wavelength of the X absorption edge of the scattering 
elements 




TABLE XXXIV 

Atomic Scattering Factors for Atoms at Rest 

(R. W, James and G. W. Brindley, Zeitschrift fur Krisiallographie, 78 , 470, 1931) 
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TABLE XXXV 

Thomas-Fermi Scattering Factors for Heavy Atoms 

{^Internationale Tabelleti) 


H 

0 

1 

00 

X 

1 

0-0 

1 o-i 

0*2 

0*3 

0*4 

0-5 

0*6 

0-7 

0*8 

0-9 

1*0 


1*2 

K . . . 

^9 

i6-s 13-3 

10*8 

9*2 

7*9 

6*7 

5*9 

5*2 

4-6 

4*2 

3*7 

3*3 

Ca . 

20 

1 . 7-5 

I4T 

11*4 

9*7 

8*4 

7*3 

6*3 

5-6 

4-9 

4-5 

4*0 

3-6 

Sc . . . 

21 

18-4 i 14-9 

12*1 

10*3 

8-9 

7*7 

6*7 

5-9 

5-3 

4*7 

4*3 

3*9 

. . . 

22 

19*3 

15-7 

12*8 

10 * 9 ! 9*5 

8*2 

7-2 

6-3 

5-6 

5*0 

4*6 

4*2 

V . . . 

23 

20*2 

i6-6 

13*5 

11*5 : 10*1 

8-7 

7-6 1 6*7 

5-9 

5-3 

4*9 

4*4 

Cr . . . 

24 

21*1 

17 * 4 , 14*2 

12*1 

10*6 

9*2 

8-0 

7*1 

6*3 

5*7 

5*1 

4-6 

Mn 

25 

22*1 

i8*2 

14*9 

12-7 

9-7 

8*4 

7*5 

6*6 

6*0 

5*4 

4*9 

Fe . . . 

26 

23*1 

18-9 

15*6; 13*3 

11*6 

. 10*2 

8-9 

7*9 

7*0 

6*3 

5*7 

5*2 

Co . 

27 

24*1 

19*8 

16-4 14*0 i 12*1 

! 10*7 

9*3 

8-3 

7*3 

6*7 

6*0 

5*5 

Ni . . . 

28 

25-0 

20*7 

17*2 

14*6 1 12*7 

1 11*2 

9*8 

8*7 

7*7 

7*0 

6-3 

5-8 

Cu . . . 

29 

25*9 

21-6 

17-9: 15-2: 13-3 III-7 

10*2 

9-1 

8*1 

7*3 

6*6 

6*0 

. . . 

30 

26-8 

22*4 

1 8*6 

iS-8 

13-91 12*2 

10*7 

9*6 

8-5 

7*6 

6*9 

6-3 

Ga . 

31 

27*8 

23*3119-3 

16-5, 14-51 12-7 

11*2 

10*0 

8*9 

7*9 

7*3 

6*7 

Ge . . . 

32 

28-8 

24 * I 

20*0 

I 7 -I 

15*0: 13*2 

1 1*6 

10-4 

9*3 

8-3 

7-6 

7*0 

As . . . 

33 

29*7 

25*0 

20*8 

17*7; 15*6 j 13*8 

12*1 

10*8 

9.7 

8-7 

7*9 i 7*3 

Se . . . 

34 

30*6 

2i;'S 

21*5 1 18*3 1 i6-i 

ii 4*3 

12*6 

11*2 

10*0 i 9*0 

8*2 

7*5 

Br . . . 

35 

3 1*6 

26-6 i 22*3 

18-9! i6*7 

14*8 

13*1 

11*7 

10*4 

9-4 

8-6 

7-8 

Kr . . . 

3 ^ 

32*5 

27*4 

23*0 

19*5 

. 17*3 

ii 5*3 

13*6 

12-1 

10*8 

! 9*8 

8-9 

8*1 

Rb , 

37 

33*5 

28*2 

23*8 

20*2 

17-9 

15-9 

,14*1 

12*5 

1 1*2 

10*2 

9*2 

8-4 

Sr . . . 

38 

34-4 

29*0 

24*5 

20*8 

18*4 

1 6*4 

14*6 

12*9 

1 1*6 

1 10*5 

9*5 

8-7 

Y . . . 

39 

35-4 

29-9 

25-3 

21*5 

19*0 

17*0 

15*1 

13*4 

12*0 

I ^ 0*9 

9*9 

9*0 

Zr . . . 

40 

36-3 

30*8 

26*0 

22*1 

19-7 

17*5 

15-6 

13-8 

12*4 

11*2 

10*2 

9"3 

Cb . , . 

41 

37-3 

31*7 

26*8 

22*8 

20*2 

i8*i 

i6*o 

14*3 

12*8 

11*6 

10*6 

9*7 

Mo. . , 

42 

38-2 

32*6 

27*6 

23*5 

20*8 

18-6 

16-5 

14*8 

13*2 

12*0 

10*9 

10*0 

Ma 

43 

39*1 

33*4 

28-3 

24*1 

21*3 

19*1 

17*0 

15*2 

13-6 

12*3 

ri *3 

10*3 

Ru . . . 

44 

40-0 

34*3 

29*1 

24*7 

21*9 

19*6 

17*5 

15*6 

14*1 

12*7 

11*6 

10*6 

Rli . . . 

45 

41*0 

35*1 

29-9 

25*4 

22*5 

20*2 

1 8*0 

i6-i 

14*5 

13*1 

12*0 

1 1*0 

Pd . . . 

46 

41*9 

36-0 

30*7 

26*2 

23*1 

20-8 

i8-s 

1 6*6 

14*9 

13*6 

12*3 

1 1-3 

Ag . . . 

47 

42*8 

36-9 

31*5 

26-9; 23-8 

21-3 

19*0 

i7*r 

15*3 

14*0 

12*7 

11*7 

Cd . 

48 

43*7 

37*7 

32*2 

27*5 

24*4 

21*8 

19*61 

17*6 1 

15*7 

14*3 

13*0 

12*0 

In . . . 

49 

44*7 

38-6 

33*0 

28-1 

2 5*0 

22-4 

20*1 

1 8*0 

i6-2 

14*7 

13*4 

12*3 

Sn . . . 

50 

45*7 

39-5 

33-8 

28-7 i 25*6 

22*9 

20*6 

18-5 

1 6*6 

15-1 

13-7 

12*7 

Sb . . . 

51 

46*7 

40*4 

34-6 

29-5 1 26-3 

23*5 

2 IT 

19*0 

17*0 

15-5 

14*1 

13*0 

Te . . . 

52 

47*7 

41*3 

35*4 

30*3 26-9 

24*0 

21*7 

19*5 

17*5 

1 6-0 

14*5 

13*3 

I . . . 

53 

48-6 

42*1 

36-1 

31*0 

27*5 

24*6 

22*2 

20*0 

17*9 

1 6*4 

14*8 

13*6 

Xe . 

54 

49*6 

43*0 

36-8 

31-6 

28*0 

25*2 

22*7 

20*4 

18*4 

i6*7 

15*2 

13*9 

Cs . . . 

55 

50*7 

43-8 

37-6 

32-4 

28*7 

25*8 

23*2 

20*8 

i8*8 

17*0 

15*6 

14*5 

Ba . . . 

5 ^ 

51*7 

44*7 

38-4 

33*1 

29*3 

26*4 

23*7 

21*3 

19*2 

17*4 

1 6*0 

14-7 

La . . . 

57 

52*6 

45-6 

39*3 

33-8 

29*8 

26*9 

24*3 

21*9 

19-7 

17-9 

16*4 

15*0 

Ce . 

58 

53-6 

46-5 

40*1 

34*5 

30*4 

27*4 

24*8 

22*4 

20*2 

18*4 

i6*6 

15*3 

Pr . . . 

59 

54-5 

47-4 

40*9 

35*2 

31*1 

28*0 

25*4 

22*9 

20*6 

18*8 

17*1 

15*7 

Nd . . . 

60 

55-4 

48-3 

41*6 

35-9 

31*8 

28*6 

25*9 

23*4 

21*1 

19*2 

17*5 

r6*i 
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TABLE XXXV {continued) 


10-8 

sinS 

0-0 

o*r 

0-2 

0-3 

0*4 

o-s 

0-6 

07 

0-8 

0-9 

I-O 

M 

1*2 

11 . 


6i 

56-4 

49-1 

42-4 

36-6 

32*4 

29*2 

26*4 

23*9 

2r5 

19*6 

17*9 

1 6*4 

Sm . 


62 

57*3 

50*0 

43*2 

37*3 

32*9 

29*8 

26*9 

24*4 

22*0 

20'0 

18-3 

i6’8 

Eu . 

• * 

63 

58-3 

50-9 

44*0 

38-1 

33*5 

30*4 

27*5 

24*9 

22’4 

20*4 

187 

I 7 -I 

Gd 

• • 

64 

59*3 

517 

44*8 

38-8 

34*1 

31*0 

28*1 

25*4 

22*9 

20*8 

19-1 

17*5 

Tb. 

« * 

65 

60'2 

52-6 

45*7 

39*6 

34*7 

31-6 

28*6 

25*9 

23*4 

21*2 

19*5 

17*9 

Dy. 


66 

6m 

53-6 

46-5 

40*4 

35*4 

32*2 

29*2 

26-3 

23*9 

21*6 

19*9 

18-3 

Ho 


67 

62- 1 

54*5 

47*3 

41*1 

36-1 

327 

297 

26-8 

H *3 

22*0 

20-3 

1 8-6 

Er . 


68 

63-0 

SS -3 

48*1 

417 

367 

33*3 

30-2 

27*3 

24*7 

22‘4 

207 

r8*9 

Tu. 


69 

64*0 

56-2 

48*9 

42*4 

37*4 

33*9 

00 

6 

27*9 

25-2 

22'9 

21*0 

19*3 

Yb. 


70 

64-9 

57-0 

49*7 

43*2 

38-0 

34*4 

31*3 

28-4 

25*7 

23*3 

21*4 

197 

Lu . 


71 

65-9 

57-8 

50*4 

43*9 

38*7 

35*0 

31-8 

28*9 

26*2 

23-8 

21-8 

20*0 

Hf . 


72 

66*8 

58-6 

Sra 

44*5 

39*3 

35*6 

32*3 

29*3 

267 

24*2 

22-3 

20*4 

Ta. 


73 

67-8 

59-5 

52*0 

45*3 

39*9 

36-2 

32*9 

29*8 

27*1 

24*7 

22-6 

20*9 

W . 


74 

68-8 

6o*4 

52*8 

46*1 

40*5 

36-8 

33*5 

30*4 

27-6 

25*2 

23-0 

21-3 

Re . 


75 

69*8 

6i*3 

53*6 

46-8 

, 41*1 

37*4 

34*0 

30*9 

28 ’I 

25*6 

23*4 

21*6 

Os . 


76 

70*8 

62-2 

54*4 

47*5 

417 

38-0 

34*6 

31*4 

28'6 

26*0 

23*9 

2?'0 

Ir . 


77 

717 

63-1 

55*3 

48-2 

42*4 

38-6 

35*1 

32-0 

29-0 

26-5 

24*3 

22*3 

Pt . 


78 

72-6 

64*0 

56-2 

48-9 

43*1 

39*2 

35*6 

32*5 

29*5 

27*0 

24*7 

227 

Au . 


79 

73.6 

65*0 

57-0 

49*7 

43*8 

39*8 

36*2 

33*1 

30-0 

27*4 

25-1 

23-1 

Hg 


80 

74-6 

65-9 

57*9 

50*5 

44*4 

40*5 

36-8 

33*6 

30-6 

27*8 

25-6 

23-6 

T1 . 


81 

75-5 

667 

587 

51’2 

45*0 

41*1 

37*4 

34*1 

31*1 

287 

26*0 

24*1 

Pb . 


82 

76-5 

67-5 

59*5 

51*9 

45*7 

41*6 

37*9 

34*6 

31*5 

28'8 

26*4 

24*5 

Bi . 


83 

77-5 

68-4 

60-4 

52*7 

46*4 

42*2 

38*5 

35*1 

32-0 

29*2 

26-8 

24’8 

Po . 


84 

78-4 

69-4 

6r-3 

53*5 

47*1 

42*8 

39*1 

35*6 

32-6 

29*7 

27-2 

25*2 

— . 


85 

79-4 

70-3 

62-I 

54*2 

47*7 

43*4 

39*6 

36-2 

33*1 

3 °‘^| 

27-6 

25*6 

Em (Rn, Nt) 

86 

80-3 

71-3 

63-0 

55*1 

48*4 

44*0 

40-2 

36-8 

33*5 

30*5 

28-0 

26*0 

. 


87 

81-3 

72*2 

63-8 

55*8 

49*1 

44*5 

40*7 

37*3 

34*0 

31-0 

28-4 

26*4 

Ra . 


88 

82*2 

73.Z 

64-6 

56-5 

49*8 

45*1 

41*3 

37*8 

34*6 

3'’5 

28-8 

267 

Ac . 


89 

83-2 

74-1 

65*5 

57*3 

50*4 

45*8 

41-8 

38*3 

35*1 

32*0 

29-2 

27-1 

Th. 


90 

84*1 

75-1 

66-3 

58-1 

51*1 

46-5 

42-4 

38-8 

35*5 

32-4 

29-6 

27*5 

Pa . 


91 

85.1 

76'0 

67*1 

58-8 

51*7 

47*1 

43*0 

39*3 

36-0 

32-8 

30-1 

27*9 

U . 


92 

86-0 

76-9 

67-9 

59-6 

52*4 

47*7 

43*5 

39*8 

36-5 

33*3 

30-6 

28*3 
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TABLE XXXVI 


Values op the Decrement at Various Wavelengths 
(H. Honl, Annakn ier P^sik, 18 , 625, 1933) 

(a) Short Wmkngth Side of the Limit 


A 

0*2 

0-5 

1 

0'667 

075 

0*9 

0-95 

■ 

26 Fe 

-0*17 

1 

0 

0 

0 

0 

1 

00 

0 

1*47 

2*40 

42 Mo 

— o*i6 

— 0'26 

o-oi 

0*31 

1-48 

2*32 

74 W 

-0'i5 

-0*25 

o-oi 

0 

0 

r4o 

2*i8 


{h) Long Wmlen^h Side of the Limit 


A 

A* 

i'05 

rii 

1*2 

i '33 

1-5 

2*0 

inf. 

26 Fe ! 

1 

3*30 

2'6o 

2-20 

1*90 

173 

1 171 

1-32 

42 Mo 

3-08 

2-44 

2*o6 

177 

r6i 

i i '43 

1-24 

74W 

2-85 

2*26 

i’9i 

1*65 

r '49 

i i’ 3 i 

ITS 
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AN INTRODUCTION TO X-RAY METALLOGRAPHY 


X-RAY ABSORPTION 


Absorption Coefificients. In traversing a thickness x of material, 
the intensity 7 o of the incident beam is reduced to a value I according 
to the expression 

I = 


where /i is the linear absorption coefficient of the material for the 
particular wavelength of the radiation. Now since it is mass of 
matter traversed which is important and not its distribution in space, 
it is simpler to express the reduced intensity by the equation 



where ^ is the mass absorption coefficient and px the mass per square 

centimetre of the absorbing material. 

The mass absorption coefficient for a substance of mixed com- 
position is given by the expression 



where p is the mean density of the substance and a?,, is the pro- 
portion by weight of a constituent element of mass absorption 
/"\ 

coefficient 




The mass absorption coefficients listed in Table XXXVII include 
a small constant coefficient for scattering of the rays. If we multiply 
the mass absorption coefficient by the atomic weight, a quantity is 
obtained proportional to the absorption per atom of the element. 
Atomic Absorption Coefficients are listed in Table XXXVIIL 


Absorption Factors for Debye-Scherrer Powder Specimens. 

In Chapter V we outlined the Claassen-Bradley method of deriving 
the absorption factor for a cylindrical Debye-Scherrer powder speci- 
men of radius r and linear absorption coefficient The assumption 
was tacitly made that the reflecting particles of powder were so small 
that absorption within them could be neglected. A more detailed 
analysis, amplifying the paper by A. Taylor (PML Mag.y 35, 215, 
1 944), shows that we must take the size of the particles into account, 
since in general the linear absorption coefficient of the particle is 
much greater than /z, the mean linear absorption coefficient of the 
powderrCanada Balsam mixture, and the texture of the specimen is 
essentially discontinuous. 
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We may look upon the absorption factor A as consisting of two 
parts. The first part corresponds to the absorption within the bulk 
of the specimen and may be termed the ‘"macro-absorption factor’’ a. 

This is the factor given by the integral a = Values of 

looa computed by Bradley in terms of^«r are given in Tables XXXIX 
and XL. 

The second part of the absorption factor reveals the “contrast” 
in absorption between the polycrystalline reflecting particles and the 
surrounding non-reflecting powder and Canada Balsam mixture. 
We term this the “micro-absorption factor” r. The true absorption 
factor is thus the product ^ — ra , 

Values of r are computed in terms of — fi)a where a is the 
effective radius of the polycrystalline particles and — /^) is the 
difference between the linear absorption coefficient of the particles 
and the mean linear absorption coefficient of the powder-Canada 
Balsam mixture. Values ofr are listed in Table XLI. 

Since r approaches unity (or 100 per cent, as in the tables) as 
the radius of the particles is reduced, it is advantageous to make 
them very small, although a practical limit is set by the Scherrer 
line-broadening effect which sets in when the reflecting crystallites 
are below 10 cm”^. in diameter. 
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TABLE XXXVII 


Mass Absorption Coefficient of Elements — , including Scattering 

P 


(Internationale Tabellen') 


Radiation 

Ag^oc 

A 0*5604 

Rh ATa 
0*6149 

Mo ATa 
0*7097 

Cu^a 

1*5392 

Ni ATa 
1-6565 

Fe ATa 
1 * 934 + 

Cr Kol 
2*2869 

Absorber 

He 

Li 

Be 

Z 

2 

3 

4 

0'i6 

0-18 

0*22 

o-j6 

0'20 

0-2S 

o-i8 

0'22 

0‘30 


i*8o 

3'24 

4*74 

B 

5 

0-30 

0-35 

0'45 

3^06 

3*79 

5-80 

9*37 

C 

6 

0’42 

0 ' 5 ^ 

o*yo 

5-50 

6-76 

10-73 

17-9 

N 

7 

0'6o 

o^yo 

I'lQ 

8-51 

10-7 

17-3 

27-7 

O 

8 

o-8o 

i-oo 

1-50 

12-7 

i6-2 

25-2 , 

40-1 

F 

9 

1*00 

1-32 

^'93 

17-5 

21-5 

33.0 

51-6 

Ne 

lO 

I-4I 

i-8o 

2*6y 

24*6 

30*2 

46-0 

*72-7 

Na 

II 

^•75 

2-25 

3-36 

30-*9 

37*9 

56-9 

92-5 

Mg 

12 

2*27 

2-93 

4-38 

40-6 

47*9 

75*7 

120-1 

A 1 

13 

2-74 

3-60 

5-30 

48-7 

58-4 

92-8 

149 

Si 

14 

3-44 

4-52 

6*70 

60-3 

75-8 

116-3 

192 

P 

If 

4*20 

5-36 

7-98 

73-0 

90-5 

141-1 

223 

S 

16 

5-15 

6-65 

10-03 

91*3 

III-5 

175 

273 

Cl 

17 

5*86 

7-50 

11-62 

103-4 

125-6 

199 

308 

A 

18 

6*40 

8-00 

12-55 

112-9 

141 

217 

341 

K 

19 

8*05 

10*7 

16-7 

143 

179 

269 

425 

Ca 

20 

9-66 

12-8 

19-8 

172 

210 

317 

508 

Sc 

21 

10*5 

13-8 

2 I-I 

185 

222 

338 

545 

Ti 

22 

11*8 

15-8 

23-7 

204 

247 

377 

603 

V 

23 

13*3 

17-7 

26-5 

227 

275 

422 

77*3 

Cr 

24 

15-7 

20-4 

30'4 

259 

316 

490 

89-9 

Mn 

25 

17*4 

22-6 

33*5 

284 

348 

63-6 

99*4 

Fe 

26 

19-9 

25-8 

38-3 

324 

397 

72-8 

114-6 

Co 

27 

21*8 

28-1 

41-6 

354 

54*4 

80-6 

125-8 

Ni 

28 

25-0 

32-3 

47*4 

49-2 

6r-o 

93*1 

145 

Cu 

29 

26-4 

34-0 

49*7 

52-7 

65-0 

98-8 

154 

Zn 

30 

28-2 

37-7 

54 -a 

59-0 

72-1 

109-4 

169 

Ga 

31 

30-8 

39.7 

57-3 

63-3 

76-9 

116-5 

179 

Ge 

32 

33'5 

42-8 

63-4 

69-4 

84-2 

128-4 

196 

As 

33 

36-5 

46-0 

69-5 

76-5 

93*8 

142 

218 

Se 

34 . 

38-5 

49-0 

74-0 

82-8 

100-6 

152 

235 

Br 

3S 

42-3 

53-5 

82*2 

92-6 

I 12*4 

169 

264 

Kr 

36 

45-0 

57-5 

88-1 

100-4 

121-9 

182 

285 

Rb 

37 

48-2 

62*8 

94*4 

109-1 

132-9 

197 

309 

Sr 

38 

52-1 

68*3 

IOI-2 

II9 

145 

214 

334 

Y 

39 

55-5 

74-0 

108-9 

129 

158 

235 

360 

Zr 

40 

6i-i 

80-9 

17-2 

143 

173 

260 

391 
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TABLE XXXVII { continued ^ 


Radiation 

AgATa 

A 0*5604 

Rh ATa 
0*6149 

Mo ATa 
0*7097 

CnKa 

17392 

NiSs 

1-6565 

Fefix 

1-9344 

Cr ATa 
2*2869 

Absorber 

Cb 

z 

41 

65*8 

86*0 

187 

153 

183 

279 

415 

Mo 

42 

70*7 

91*6 

20*2 

164 

197 

299 

439 

Ru 

44 

*i79‘9 

a.i2‘2 

15*4 

23*4 

00 

221 

337 

488 

Rh 

45 

13*1 

i6*6 

25*3 

198 

240 

361 

522 

Pd 

46 

13-8 

17*6 

26*7 

207 

254 

376 

545 

Ag 

47 

14*8 

19*1 

28-6 

223 

276 

402 

585 

Cd 

48 

15-5 

20*1 

29.9 

234 

289 

417 

608 

In 

49 

i6-5 

21*7 

31-8 

252 

307 

440 

648 

Sn 

50 

17*4 

22*9 

33*3 

265 

322 

457 

681 

Sb 

51 

1 8-6 

24*6 

35*3 

284 

342 

482 

727 

Te 

52 

19-1 

25*0 

36-1 

289 

347 

488 

742 

I 

53 

20*9 

277 

39*2 

314 

375 

527 

808 

Xe 

54 

22*1 

28*5 

41*3 

330 

392 

552 

852 

Cs 

55 

23*6 

30*0 

43*3 

347 

410 

579 

844 

Ba 

56 

24-5 

31*1 

45*2 

359 

423 

599 

819 

La 

57 

26-0 

33*0 

47*9 

378 

444 

632 

218 

Ce 

58 

28*4 

35-8 

52*0 

407 

476 

636 

235 

Pr 

59 

29*4 

37*2 

S4-S 

422 

493 

624 

251 

Nd 

60 

30*5 

38-8 

57*0 

437 

510 


263 

Sm 

62 

33*1 

41*2 

62*3 

467 

519 

183 

289 

Eu 

63 

35*0 

44*5 

65*9 

461 

498 

193 

306 

Gd 

64 

35*8 

45*7 

68*0 

470 

509 

199 

316 

Tb 

65 

37*5 

47*9 

71*7 

435 

140 

211 

333 

D7. 

66 

39*1 

49*9 

75*0 

462 

146 

220 

345 

Ho 

67 

41-3 

52*7 

79*3 

128 

153 

232 

361 

Er 

68 

42*6 

54*6 

82*0 

133 

159 

242 

370 

Tm 

69 

44-8 

5.7*6 

86*3 

139 

168 

257 

387 

Yb 

70 

46*1 

59*4 

88*7 

144 

174 

265 

396 

Lu 

71 

48-4 

62*6 

93*2 


184 

281 

414 

Hf 

72 

50*6 

65*0 

96*9 

157 

191 

291 

426 

Ta 

73 

52-2 

67*70 

100-7 

164 

200 

305 

440 

W 

74 

54-6 

70*7 

105*4 

171 

209 

320 

456 

Os 

76 

58-6 

767 

112*9 

186 

226 

346 

480 

Ir 

77 

6i*2 

8o"0 

117*9 

194 

237 

362 

498 

Pt 

78 

64*2 

83-8 

123 

205 

248 

376 

518 

Au 

79 

66*7 

87.x 

128 

214 

260 

390 

537 

Hg 

80 

69-3 

90-1 

. 132 

223 

272 

404 

552 

T1 

81 

71-7 

92-4 

136 

231 

282 

416 

568 

Pb 

82 

74-4 

95-8 

141 

241 

294 

429 

58s 

Bi 

83 

78-1 

100*4 

145 

253 

310 

448 

612 

Nt 

86 

847 

109*1 

159 

278 

341 

476 

657 

Ra 

88 

91-1 

117 

172 

304 

371 

509 

708 

Th 

90 

97-0 

xjp 

143 

327 

399 

536 

755 

U 

92 

104*2 

Z29 

153 

352 

423 

566 

805 
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• TABLE XXXVIII 

Atomic Absorption Coefficients of the Elements 

{Internationale Tabellen) 

U ATOMIC WT. 

— ■“ X ■ ^ 

^ p LOSCHMIDT S NUMBER 


Radiation 

AgATa 

Rh^a 

MoKa 

Cu ra 

NiiTa 

Fe-STa 

Cr ATa 

Absorber 

z 

p-a. X I ©23 

He 

2 

O'll 

0-J2 

0*12 





Li 

3 

0-21 

0-23 

0-34 





Be 

4 

0-33 

0-37 

0-45 

2*02 

2*70 

4-85 

7*04 

B 

5 

0-54 

0-63 

0*81 

5^50 

6*72 

10*43 

i6*86 

C 

6 

0-83 

1*01 

1*38 

10*87 

13-36 

21*4 

35*4 

N 

7 

1-39 

1*62 

2-54 

19*6 

24-9 

39-8 

63-8 


8 

2-13 

2-56 

4*00 

33-6 

42-5 

66*4 

105*5 

F 

9 

3-13 

4 'i 3 

6-03 

54-7 

67-3 

103*2 

160 

Ne 

10 

4 > 7 o 

6*00 

8*go 

8 i *9 

100 

153 

242 

Na 

II 

6-6S 

8-5 

12*8 

117 

143 

215 

350 

•Mg 

12 

9 -T 

11*7 

17*6 

163 

192 

303 

481 

A 1 

13 

X 2'2 

16*1 

23-6 

217 

260 

414 

655 

Si 

H 

i6-6 

21-0 

31*2 

281 

353 

542 

896 

P 

IS 

21*5 

27*4 

40*8 

373 

462 

721 

1140 

S 

i6 

27*2 

35*1 

53-0 

482 

589 

926 

1441 

Cl 

17 

34*2 

43-8 

68*0 

604 

734 

1160 

1800 

A 

i8 

42*0 

52*6 

82*5 

742 

924 

1427 

2220 

K 

^9 

51-9 

69-0 

107*2 

923 

1151 

1730 

2640 

Ca 

20 

63-9 

84-6 

131 

1138 

1390 

2100 

33^0 

Sc 

21 

78*0 

102*6 

157 

1380 

1650 

2510 

4050 

Ti 

22 

93-5 

125 

188 

r6i6 

i960 

2980 

4780 

V 

23 

III-8 

149 

222 

1910 

2310 

3560 

650 

Cr 

24 

134 

175 

260 . 
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2700 
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Mn 

25 
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Fe 

26 
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237 
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3630 

669 
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Co 

27 
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Ni 

28 
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Cu 

29 
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635 
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31 
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888 
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Ge 

32 
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759 
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2340 

As 

33 
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568 

858 
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1750 

2690 

Se 

34 

503 

640 

967 
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1320 

i960 

3070 

Br 

35 

550 

695 

1067 

1202 

1460 

2190 

3440 

Kr 

36 

610 

780 

1190 

1360 

1650 

2460 

3860 

Rb 

37 

678 

883 

1330 

1540 

1870 

2760 

4350 

Sr 

38 

751 

985 

1460 

1710 

2090 

3090 

4810 

Y 

39 
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2320 

3460 

5300 

Zr 

40 

911 

1208 

257 
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3880 
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Cb 

41 
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Mo 

42 
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320 
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4730 
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TABLE XXXVIII (continued) 


Radiation 
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1 
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1 CrXic 
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Ru 

44 
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3 090 
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5 650 
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Rh 

45 
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3 360 

4060 

6 no 

8 840 

Pd 

46 
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; 309 

469 

3640 

4460 
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9 580 

Ag 

47 

263 

339 

507 

3 960 

4 900 

7 140 

10 400 

Cd 

48 

288 

373 

555 

4340 

5 360 

7730 

n 290 

In 

49 

312 

I 4^0 

600 

4760 

5 800 

8 310 

12 240 

Sn 

50 

340 

446 

650 

5 160 

6 290 

8930 

13 300 

Sb 

51 

373 

493 

706 

5690 

6 850 

9650 

14550 

Te 

52 

401 

525 

758 

6 060 

7 290 

10 270 

15 600 

I 

53 

436 

1 570 

819 

6 560 

7 830 

II 000 

16 900 

Xe 

54 

475 

! 613 

879 

7 100 

8 420 

II 800 

18 300 

Cs 

55 

516 
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946 

7 590 

8 960 

12 650 

18 400 

Ba 

56 
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705 

1022 

8 130 

9 600 

13 t;6o 

18 500 

La 

57 

595 

755 

1098 

8 650 

10 180 

i 4 _ 5 oo 

5 000 

Ce 

58 

656 

827 

1200 

9410 

II 000 

14 700 

5 420 

Pr 

59 

682 

864 

1265 

9780 

II 310 

14 500 

5 820 

Nd 

60 

726 

926 

1360 

10 400 

12 150 

15 500 

6 260 

Sm 

62 

820 

1020 

1540 

II 580 

12 900 

4540 

7 160 

Eu 

63 

876 

XII4 

1650 

IX 560 

12 500 

4 840 

7 660 

Gd 

64 

930 

1186 

1760 

12 200 

13 200 

5 160 

8 200 

Tb 

65 

985 
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1880 

II 400 

3 680 

5 540 

8 740 

Dy 

66 

1048 

1335 

2000 

12 400 

3 905 

5 890 

9 230 

Ho 

67 

III3 

1420 

2140 

3450 

4 120 

6 250 

9710 

Er 

68 

1177 

1510 

2260 

3 690 

4390 

6 680 

10 210 

Tm 

69 
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2400 

5 860 

4670 

7 140 

10 750 

Yb 

70 
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1700 

2530 

4 100 
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II 310 

Lu 

71 
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Hf 

72 
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Ta 

73 
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Os 

76 
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Ir 

77 
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Pt 
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Au 
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Ra 
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90 

3710 
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28 800 

U 
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TABLE XXXIX 

Macro-Absorption Factors iook when fjtr < 5 Cylindrical Debye-Scherrer 

Specimens 


(A. J. Bradley, Proc. PAys. Soc., 47 , 879, 1935) 
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313 
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TABLE XL 


Relative Values of a for Large Vaxues of jxr , for Cylindrical Debye-Scherrer 

Specimens 

(A, J. Bradley, Proc, Phys, Soc,, 47, 879, 1935) 


0*1464 0*3290 
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TABLE XLI 

Micro-Absorption Factors ioot for Spherical Crystals 
(A. Taylor, Philosophical Magazine, 35, 1944.) 
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The Debye-Waller Temperature Factor 
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2^0 an iNTkODUCTION TO X-RAY METALLOGRA? MV 

ANGULAR FACTORS FOR VARIOUS EXPERIMENTAL 
ARRANGEMENTS 

The integrated intensity / of the diffracted beam from a mosaic 
crystal may be written in the form ^ 

/ = const, /o . A.fif) .p. {F(hkl)Y e " . (i) 

where /„ is the intensity of the incident energy in ergs, per sec. per unit 
area, A the absorption factor, f(6') a factor dependent on the Bragg 

angle, p the planar factor, FQikl) the structure factor, and e 
the Debye-Waller temperature factor. 

Equation (i) takes the following forms: 

(d) Crystal element 

_ I "4“ cos® 2i^ A 

I = const. /. . ^ • {F(Ak!)Y e ^ 

Sin 2c7 

(J?) Crystal face 


sin* e 
A* 


ic) Crystal section 


I = const. Jo.-. ' + {F(hkl)Y 

Sin 2 c7 




/ = const. ««/)}> 

Sin 0 cos® 0 


(d) Powder halo (full ring) 

1= const. /o.^. ^ ^ 

sm d 

(e) Dehye-Scherrer lines on cylindrical film 

I = const. h.A. mm 

(f) Block of crystal powder 


- 


e ^ 


sin= 6 


— ^ I I “1“ COS® QiO ( T?/LL7W2 

I = const. lo . r-r-r 

IJi sm® 6 cos d 


sin* 6 




(g) Rotation fattern from minute single crystal on flat plate 
/== const./,. ^ ^- ■.J-..p'{F{hkr)Y 

ein O.fl sm j8 


sin* 0 




sin 20 

^ is the angle between the lines OP and OAy where O is the 
centre spot, P the diffraction spot, and OA the projection of the 
rotation axis on the plate. 

Values of/(e) are given in Table XLIII for a number of these 
cases. It will be found more convenient to graph the functions 
against d or sin* 6 rather than to use them for numerical interpola- 
tion. Debye-Waller factors are given in Table XLII. For further 
details, the reader should consult the Internationale Tabellen zur 
Bestimmung von Krtstallstrukturen.. 
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TABLE XLIII 

Angular Factors 
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533-6 

408*0 

321*9 

260*3 

i8o*o6 

131*70 

100*31 

78*80 

63-41 

45 

47 i 

50 

0-5000 

0-5436 

0*5868 

1*000 

i*ori 

1*046 

2-828 

2-744 

2-731 

52 i 

55 

57 i 

0*6294 

0*6710 

0*7113 

1*105 

1*189 

1*300 

2-785 

2- 902 

3- 084 

60 

0*7500 

1*443 

3*333 

62J 

65 

67 i 

0*7868 

0*8214 

0*8536 

1*622 

1*845 

2*121 

3- 658 

4- 071 
4-592 

12 

0*0432 

4-510 

43*39 

70 

0*8830 

2*469 

5*255 

14 

0*0581 

3*791 

31*34 





16 

0*0762 

3*244 

23*54 





18 

0*0955 

2-815 

18*22 

72 

0*9045 

2*815 

5-920 





74 

0*9240 

3*244 

6-749 





76 

0*9415 

3*791 

7-814 

20 

0-1170 

2-469 

14.44 

78 

0*9568 

4*510 

9*221 

22J 

0*1465 

2-121 

1 1*086 

80 

0*9698 

5-506 

11-182 

25 

0*1786 

1-845 

8-730 





27J 

0*2133 

1-622 

7*027 

81 

0*9755 

6*163 

12*480 





82 

0*9806 

6*980 

14*097 

30 

0*2500 

1*443 

5*774 ■ 

83 

0*9851 

8*025 

16*17 





84 

0*9891 

9*41 r 

18-93 





85 

0*9924 

11*344 

22*78 

32^ 

0-2887 

1-300 

4-841 

85J 

0-9938 

12*628 

25*34 

35 

0*3290 

1*189 

4-123 

86 

0-9951 

14*231 

28-53 

37 i 

0-3706 

1-105 

3-629 

86J 

0-9963 

16*289 

32-64 





87 

0-9973 

19*029 

38-11 





S 7 i 

0*9981 

22*860 

45-76 

40 

0*4131 

1-046 

3*255 

88 

0*9988 

28*601 

57-24 





88J 

0*9993 

38-162 

76-35 

+ 3 j 

0-4564 

I-OII 

2*994 

89 

0*9997 

57-272 

114-56 

45 

0*5000 

1*000 

2*828 









90 

1*0000 

< 

00 

00 
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THE OPTIMUM THICKNESS OF A FLAT POWDER COMPACT 

(A) Transmission Spectra. Consider the general case of a flat 
powder compact of mean linear absorption coefficient and thickness 
irradiated by a parallel beam of monochromatic X-rays which 
make an angle ^ with the normal to the plate (Fig. 239). Since 
the cross-section of the incident beam is fixed by the slit system of 
the camera, any volume dV of the specimen swept out by the incident 
beam will be proportional to the depth of penetration dx. We may 
therefore confine our attention to a single ray which is deviated 
through an angle 20 at various points in its path by the crystallites 
in the specimen, 0 being the Bragg angle. 



Pig. 239* — Paths of Incident and Transmitted Rays through Flat Powder Compact. 

The transmitted intensity dl is proportional to the reflecting 
length dx and to Summing for all particles along the 

length t sec ip swept out by the incident ray, the intensity of the 
transmitted reflexion becomes 

r^seoy 

/= const, /oj^ , . • (i) 

Now from the geometry of the figure 

y = t sec (20 — v') — ^ cos y) sec (20 — yi). 

Writing 

a = sec (20 — y)')y b = sec y , r = i/b = cos y 


ru 

I = const. 4 

Jo 

= const. 4^ f 
pL . (ac — i)*" 


(^) 


we obtain 
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The optimum thickness t* occurs when dl/dt = o, i.e. 
when 

I 


fir = 


, logef 
a — b b 


or 


fit* = 


sec (20 — — sec 


. ( 3 ) 

^ L sec ^ J 


(^2) Special Case of Normal Incidence, When the incident beam 
is normal to the face of the specimen, y) = and equation (3) 
takes the form 

= sec J - I 


(b) Special Case when yy = 6, In this case the plane of the 
specimen bisects the angle i8o°— 20 between the incident and 
transmitted rays. Equation (3) then reduces to 


fit* 


I 

sec 0 


(^) 


(f) Special Case when 0 — > 0°. For very small Bragg angles, 

we obtain 

fit* = \ (6) 

( 5 ) Reflexion Spectra, In Fig. 240^ let the incident ray strike 
the plate specimen at the grazing angle ^ and be deviated through 
the angle 20 after reflexion. 

The total intensity I in the reflected ray is 


I = const, /o J 

and since J = x sin ^/sin (20 — ^), 
I = const, /o 

Jo 


const. In 


("i + 

\ sin (20 — 4>)) 




— e - (7) 


(20 — 4 >)} 

Thus I increases as x increases, reaching a limiting value when 
X is effectively ‘Infinitely thick”, in which case 



const, /o 


sin (20 — <f>) 
[sin (20 — <^) + sin 


• (8) 
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Fig. 240. — Paths of Incident and Reflected Rays in Surface 
Reflexion Arrangement. 


The criterion of infinite thickness is set by the sensitivity of the 
X-ray film or recording device. For suppose the crystals at the 
surface give rise to reflexions of intensity I(s) and those at a depth x 
give an intensity I(x), The reflexions of I(x) will not be visible if 


I(x) is less than approximately. 


This ratio is taken on the 


same basis as when the strongest Kj 5 reflexion is invisible after 

filtration has cut down the KjS component to — of Ka (page 1 2). 

600 

We thus have: 


Hence 


I(s) _ 600 _ const, /o 
I(x) I • const. /o + 

_ g+ta;(l +gja (20 1. ^)) 

^ 6-4 sin ( 2 d - <f>) 

[sin (2d — 4 >) sin 


• ( 9 ) 


In back-reflexion patterns, <j> = 90° and 6 — >■ 90°, in which 
case the condition for infinite thickness is that x should exceed the 
value given by 

Hx = y2 . . . . . (10) 
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TABLE XLIV 
List of Metal Compounds 


Compound 


Space 

Lattice Constan 

ts 

Mols. 
> per 



Group 

! ! 

a \ b c 

Ax. 

Ang. 

Unit 

CeU 

AgjAl . . 

Cubic, )S-Mn 

O’ 

^ 1 

6 *q 3 o 1 


20 at. 

AgjAs . . 

Cubic, f.c. 600—700° C. 
Hexagonal, c.p. 


3*24 

2-891 4*722 

2 at. 

2 

AgBca . . 

Cubic, CugMg 

01 

6*287 


8 

AgCa . . 

Cubic, f.c. 

— 

9*07 1 


- 

AgjCa . . 

Tetragonal, f.c. 

— 

c/a = 0-88 


. 

AgCd . . 

Cubic, body-centred CsCl 

Oi 

3*32 


I 

Ag2Cd3 . 

Cubic 

— 

9-99 


52 at. 

AgHg . . 

Hexagonal, c.p. 

^6h 

2-98 +-9+ 


2 at. 

AgsHgi . . 

Cubic 

01 

10*09 


4 

AgioHgis . 

Cubic, b.c. 

— 

10*0 


2 

Agjin . . 

AgLi . . 

Hexagonal, c.p. 

Cubic, CsCl 

Oi 

2*95 4*79 

3-225 


2 at. 

I 

AgMg . . 

Cubic, b.c. CsCl 

Oi 

3*275 


I 

AgjS 

Cubic, b.c. ? 

— 

4-84 


2 

Ag(Sb, Bi)S3 

Cubic, 250° C. 

Tridinic (deformed NaCl) 

I 

3-465 

5*672 5*688 5*623 


1 

2 I 

Ag3Sb . . 

Hexagonal, c.p. 

— 

2*985 4*81 



AgaSe . . 

Cubic, b.c- 170° C- 

— 

4-983 


2 

AgaSn . . 

Hexagonal, c.p. 

% 

2*98 4*4 


2 at. 

AgaTe . . 

Monoclinic 

Oih 

5-98 6-31 5-56 

7 f 2! 

3 

AgZn . . 

Cubic, f.c. > 170° C. 
Cubic, CsCl 

Oi 

6*572 at 250° C. 
3-156 

4 

I 

AgsZng . 

Cubic, y-brass 

T| 

9.327 


52 at. 

AlAs .* . . 

Cubic, zinc blende 

'll 

5*62 


4 

AlAUg . . 

Cubic, ^-Mn 

O’ 

6*909 


20 

AljAu . . 

Cubic, CaFa 

OS 

6*00 


4 

AlBa . . 

Hexagonal 

DL 

3*00 3*24 


r 

Al4Ba . . 

Tetragonal 

D” 

4*530 ..... 11*14 


2 

AlB,a(0. . 

Tetragonal 

Dg j 

[2*55 10*18 


16 

AI4C3 . . 

Rhombohedral 

DL 

op 

La 

a= 

I 

AlCo . . 

Cubic, CsCl 

Oi 2 

..8565 

^2°28' 

r 

AI3C02 . . 

Hexagonal 


7-656 7-593 


28 at. 
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TABLE XLIV {continued') 


Compound 

System and Structure Type 

Space 

Group 

Lattice Constants 

Mols, 

per 

Unit 

Cell 

a 

b 

c 

Ax. 

Ang. 

AlCra . . 

Tetragonal 


2*9984 


8-6303 


2 

AljCr . . 








AljCr . . 

Orthorhombic, pseudo-hex. 

— 

19*99 

34*51 

12-47 


— 


Rhombohedral, pseudo 





a=89 



y-brass 


9*0 

327 


i6*4' 


AlFe . . 

Cubic, CsCl 

oi 

2*9026 




I 

AlFca . . 

Cubic, b.c. 

— 

2*8887 




2 at. 

AlFea . . 

Cubic, b.c. superlattice . 

— 

2-8903 




2 at. 


Random 

— 

2*8931 




2 at. 

AljFe . . 

Rhombohedral 

— 

6-314 



a= 








74°9' 


AljFe . . 

Orthorhombic 

Dll 

47-43 

15-46 

8* 08 


400 at. 

AlsFca . . 

Monoclinic 

— 

9*910 

io*8ii 

8*824 

/3= 








124® 








59'53'' 


AlMgCO . 

Low Symmetry 







AljMga . . 

Hexagonal 

— 

11-38 


17-9 


104 at. 

Al3Mg4 . . 

Cubic, a-Mn 

TS 

10*5 




58 at. 

(^Ali,Mgi,) 








AIN. . . 

Hexagonal, wurtzite 

Ct 

3*11 


4-98 


2 

AlNi. . . 

Cubic, CsCl 

Ol 

2*8814 




I 

AlgNia . . 

Hexagonal 

DL 

4*0282 


4-8906 


I 

AlsNi . . 

Orthorhombic 


6*5982 

7*3515 

4-8021 


4 

AlP . . . ' 

Cubic, zinc blende 

T| 

5*42 




I 

AlSb. . . 

Cubic, zinc blende 

T| 

6*10 




4 

AlsTi . . 

Hexagonal 

DS, 

5-424 


8-574 


4 

AsjjCda . . 

Cubic MggPa 

oi 

6*29 




2 

ASjjSe^ . . 

pseudo-rhombohedral 








Bi2Te3 






I at. 

AsSn . . 

Cubic, NaCl 

o| 

5*68i 




4 

AuBe^ . . 

Cubic, f.c. 

T| 

6*685 




4 

AujBi . 

Cubic, CuaMg 

O* 

7*942 




24 at. 

AuCd . . 

Orthorhombic 


HI 

i 

4-851 

4-745 


2 

AuCu . . 

Tetragonal (pseudo-cubic) 

— 

3-98 


3-72 


4 at. 

AuCu® . 

Cubic, f.c. 

Oi 

3-75 




4 at. 

AuPba . . 

Cubic, f.c. 

— 

16*14 




— 
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TABLE XL IV (continued) 


Compound 

System and Structure Type 

Space 

Group 

Lattice Constants 

Mols. 

per 

Unit 

CeU 

a 

h 

c 

Ax. 

Ang. 

AUgPb . . 

Cubic, f.c. CugMg 

01 

7-911 




8 

AuSbg . 

Cubic (pyrites) 

T6 

6-647 




4 

AuSn 

Hexagonal, NiAs 


4*314 


5*512 


2 

AuSng . 

Hexagonal, c.p. 

Dl, 

2-902 


4775 


2 at. 

AuSn4 , 

Hexagonal, c.p. 

DL 

2-932 


4-761 


2 at. 

AuTeg . 

Monoclinic 

C|^ 

7-i8 

4-40 

5-07 

90*^ 

2 







± 30' 


AuZn . . 

Cubic, CsCl 

01 

3-146 

1 


I 

AugZng . . 

Cubic, y-brass 

T| 

9*268 

i 

1 


52 at. 

B4C . . . 

Rhombohedral 

Dia 

5*62 


12*12 


3 

B7C and BgC 

also possibilities 







BaBg . . . 

Cubic, CaBg 

Oi 

4*28 




I 

BaCg 

Tetragonal 

OS 

4-40 


7*06 


2 

BagP 2 ■ * 

Cubic, MngOg 

Tl 

10 


• 

16 

BaS . . . 

Cubic, NaCl 

Oi 

6*35 

1 

1 


4 

BaSg . . 

Orthorbombic 

Di 

8-32 

9-64 

4-82 


4 

BaSe. 

Cubic, NaCl 

OS 

6-59 




4 

BaTe 

Cubic, NaCl 

OS 

6-99 

' 



4 

BegC . . 

Cubic, CaFg 

OS 

4*33 




4 

BegPg . . 

Cubic, MngO, 

TS 

10*15 




r6 

BeS . . . 

Cubic, zinc blende 

T| 

4-86 




4 

BeSe. 

Cubic, 2dnc blende 

TS 

5*13 




4 

BeTe . . 

Cubic, zinc blende 

T| 

5-61 




4 

BiNi . . 

Hexagonal, NiAs 

DS. 

4*072 


5*345 


! 2 

BigSg 

Ortkorkombic, SbgSg 

D|S 

11*13 

11-27 

3*97 


4 

BiSe . . . 

Hexagonal 

— 

5*021 


8-034 


3 

BigSeg . . 

Hexagonal 

i 

6*702 


11*26 


3 

BigTegS 

Rkombokedral 

Did 

10*31 



a=24° 

I 







10' 


BigXcg . 

Isomorpkous witk BigScg 







CgCs 

Hexagonal 

— 

4*94 


22 



CaBe . . 

Cubic 

Ci 

4-15 




I 

CaCg . . 

Tetragonal 

0£ 

5-48 


6-37 


2 

CaPbg . . 

Cubic, AuCug 

OS 

4-891 




4 at. 

CaSng . 

Cubic, f.c. 

OS 

4-732 




4 at. 

CaTlg . . 

Cubic, f.c. 

OS 

4794 

\ 




4 at. 
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TABLE XLIV {continued) 


Compound 

System and Structure Type 

Space 

Group 

Lattice Constants 

Mols. 

per 

Unit 

Cell 

a 

b 

c 

Ax. 

Ang. 

CaTl . . 

Cubic, CsCl 

01 

3-847 




r 

CaS . . . 

Cubic, NaCl 

oi 

5-667 




4 

CaSe 

Cubic, NaCl 

01 

5-912 




4 

CaSi2 

Rhombohedral 

DL 1 

[ 0*4 


c 

IC= 2 I® 

2 







30' 


CaTe . . 

Cubic, NaCl 

oi 

5-912 




4 

0 ( 13^.82 • • 

Tetragonal, Zn3P2 

DJI 

8-945 


12-65 


8 

CdsHg . - 

Tetragonal, b.c. 

— 

16-53 


12*09 


38 

CdLi . , 

Cubic, CsCl 

ot 

3-32 




I 

CdLia . . 

Cubic, f.c. 

— 

4-250 




4 

CdgLi . 

Cubic, b.c. 

— 

8-62 




8 

CdPi . . 

Tetragonal 

DJ 

5-28 


19-70 


8 

CdaPa . . 

Cubic 

Oi 

6-o6 




2 


Hexagonal 

DJI 

8-746 


12*28 


8 

CdS . . . 

Cubic, zinc blende 

Tl 

5-82 




4 


Hexagonal, wurtzite 

CJv 

4-14 


6*72 


2 

CdSb . . 

Orthorhombic 

— 

6-52 

8-604 

4*16 


4 


Orthorhombic 

Dah I 

8-492 

8-320 

6-390 


16 at. 

CdaSba . . 

Monoclinic 

— 

7-20 

13*51 

6*i6 

_foo- 

4 







14' 


CdSe . . 

Cubic, zinc blende 

T2 

6-04 




4 


Hexagonal, wurtzite 


4-30 


7*01 


2 

CdTe . . 

Cubic, zinc blende 

T| 

6-464 




4 

CeBg. . . 

Cubic 

Oi 

4-129 




I 

CeCa . . 

Tetragonal 

DJi 

3-87 


6*48 


2 

CeMgs . . 

Cubic 

Oi 

7*373 




8 

CePbs . . 

Cubic, f.c. 

o| 

4-864 




4 at. 

CeSns . 

Cubic, f.c. 

o| 

4-7 1 1 




4 at. 

CoAs 

Orthorhombic 

Dil 

5-96 

5*15 

3-51 


4 

O0AS3 • < 

Cubic 

T| 

8-18 




8 

CoAsS • 

Cubic 

'j'l 

5-60 




4 

CoB . 

Orthorhombic 

D^ 

3-948 

! 5*243 

i 3*037 


4 

C02B 

Tetragonal 

DS 

5-006 

> 

4*212 


4 

CoCr 

Tetragonal 

— 

5*33 


7-20 


8 

C02CUS4 

Cubic, spinel, AlaMg 04 

Oi 

9-46 




8 

CoP . . . 

Orthorhombic 

DS 

'•7 

\J\ 

00 

5 5*o6^ 

) 3 * 27 ^ 

1- 

4 
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TABLE XLIV {continued) 


t 

Compound 

System and Structure Type 

Space 

Group 

Lattice Constants 

Mols. 

per 

Unit 

CeU 

a 

1 

i ^ 

i 

1 

Ax. 

Aug. 

CoBe 

Cubic, CsCl 

or 

2 ’ 6 o 6 




I 

CoS . 

Cubic, NiAs 

D|, 

3-385 


5*213 


2 

CoS,. . . 

1 Cubic, FeSg 

TJ 

5-64 




4 

CO3S4 . . 

1 Cubic, spinel 

01 

8-4 ■ 




8 

CoeSg . . 

Cubic, f.c. 

— 

9*924 




— 

COgSg 

Cubic 

Oi 

9.907 




4 

CoSb . . 

Hexagonal, NiAs 

DL 

3-87 



5-19 


2 

CoSba . 

Ortborbombic 

Vi? 

3-208 

0 

00 

6-415 


— 

CoSe 

Hexagonal, NiAs 


3*59 


5*27 


2 

CoScg 

Cubic, FeSg 

T« 

6-022 




4 

CoSi 

Cubic, FeSi 

T4 

4-438 




4 

CogSi 

Ortborbombic 


7*095 

4*908 

3*730 


4 

C04W3C . 

Cubic ? 

— 

II-OI 




— 

CoTe . . 

Hexagonal, NiAs 

Dr 

3-89 


5-36 


2 


Cubic, y-brass 

T| 

.8-9 




52 at. 

CrAs. 

Hexagonal 


3.76 


5-32 



CrBeg . 

Hexagonal, MgZng 

Dr 

4*239 


6-919 


4 

CtgCg . . 

Ortborbombic 

DJJl 

11-46 

5-52 

2*821 


4 

Cr4C. . . 

Cubic 

— 

rO-658 




24 

Cr7C3 

Hexagonal (Trigonal) 

cr 

13-98 


4*523 


8 

CrggCg . 

Cubic 

on 

10-638 




4 

CrN . . 

Hexagonal, c.p. 

Di 

2-751 


4*415 


2 

CrgNi . . 

Tetragonal, b,c. 

D“ 

10-64 


11-07 


96 at. 

CrS . . . 

Hexagonal, NiAs 

DS 

3*44 


5-67 


2 

CrSb . . 

Hexagonal, NiAs 

Dr 

4-11 


5-46 


2 

CrSe. . . 

Hexagonal, NiAs 

Dr 

3*59 


5*80 


2 

CrSi . 

Cubic 

T4 

4-620 




4 

CrSig 

Hexagonal 

DJ 

4-422 


6-351 


3 

CrgSi . . 

Cubic, — W 

Oi 

4*555 




2 

2^6 • 

Cubic, CragCe 

01 

10-5 




4 

CrTe . . 

Hexagonal, NiAs 

Dr 

3-981 


6-211 


2 

CuAlg . . 

Tetragonal, b.c. 

D“ 

6-052 


4-878 


4 

CUgAl . 

Cubic, CsCl 

Oi 

3-650 




I 

CugAl4 . . 

Cubic, CugZng 

Ti 

8-685 




4 

CU3ASS4 

, Ortborbombic 

or 

6-46 

7*43 

6-18 


2 


N 
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TABLE XLIV {continued) 


Compound 

System and Structure Type 

Space 

Group 

Lattice Constants 

Mols. 

per 


1 


Ax. 

Unit 



a 

b \ 

1 

c 

Ang. 

Cell 

CuBe 

Cubic, CsCl 

oi 

2*698 




I 

CuBe^ . 

Cubic, f.c. MgCua 

oi 

5*940 




24 at. 

CuBiSa . 

Orthorhombic 


6*125 

3-890 

14*512 


4 

CugCdg . • 

Cubic, y-brass 

T| 

9-635 




52 at. 

CuFeSa . 

Tetragonal 


5-24 


10*30 


4 

CuFeSg . . 

CusFeSj 

Orthorhombic 

DiS 

6-45 

11*07 

6*21 


4 

80 at. 

or 

Cubic 

oi 

10*93 




CugFeSi . 

Cu30e - 

Hexagonal, c.p. 


2*626 


4-204 


2 at. 

CuHg . . 

Cubic, CugZna 

Ta 

9*406 




52 

CuMga . . 

Orthorhombic 

— 

5*27 

9*05 

i8*2I 


48 

CuaMg . . 

Hexagonal 

— 

5*281 


18*29 


8 


Cubic, f.c. 

— 

7*o66 




8 

CugMnAl . 

Cubic, fx. 

OI 

5*90 




16 at. 

CuaMnSn . 

Cubic, fx. 

OI 

6*167 




16 at. 

CuPbSbS3 . 

Orthorhombic 

DJS 

8*10 

8-65 

7*75 


4 

CuPd . . 

Cubic, CsCl 

o; 

2*988 




I 

CUgPd . . 

Cubic, fx. AuCug 

os 





4 at. 

CuPt . , 

Rhombohedral, pseudo- 
cubic 

Did 

7*56 



a=9o'’ 

54 ' 

32 at. 






Cubic 

oi 





CuS . . . 

Hexagonal 

D31, 

6*66 


/.-^ 9 *o 


— 

CuaS . . 

Cubic 

TS 

5*59 




4 

CugSb . 

Tetragonal 

DI, 

3.992 


6*091 


2 

CugSb . 

Hexagonal, c.p. 


2*766 


4-348 


i 

CuSbSa . 

Orthorhombic 

DS 

6*oo8 

3-784 

14-456 


4 

CUgSbSg 

Cubic 

Td 

10*3 




8 

CugSe . 

Cubic, CaFa 

OS 

5*749 




4 

CugSi 

Cubic, ^-Mn 

O’ 

6*210 




20 at. 

CujsSij - . 

Cubic, b.c. 

TS 

9*694 




4 

CuSn 

Hexagonal, NiAs 

Dii 

4*19 


5-08 


2 

CugSn . 

Hexagonal c.p. 

D|, 

2*755 


4-319 


2 at. 

CuaoSrig . 

Hexagonal 

Dk 

7*316 


7-854 


26 at. 

CugSn . 

Cubic, CsCl 

OS 

2*97 




2 at. 

Cugi^Sng 

Cubic, CugZng 

T, 

17*91 




416 at. 
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TABLE XLIV (continued) 


Compound 

System and Structure Type 

Space 

Grouf 

Lattice Constants 

Mols. 

per 

a 

1 

i ^ 

1 

1 ^ 

Ax. 

Ang. 

Unit 

CeU 

CugSnMn . 

! Cubic, b.c. 


2-95 




2 at. 


1 or cubic f.c. (double cell) 

— 

5-9 




16 at. 

CU3VS4 . . 

j Cubic 

01 

io-75< 




8 

CuZn . 

1 Cubic (random) 

— 

2*941 




2 at- 


j Cubic, CsCl 





j 

r 

CugZng 

j Cubic 

T| 

8*85 




52 at. 

(y-brass) 








ErB,. . . 

Cubic 

01 

4-102 




r 

FeAs 

; OrtboriLombic, pseudo- 








j hexagonal, NiAs 

D“ 

3-366 

6*oi6 

5-428 


4 

FeAsg . . 

Orthorhombic 

V“ 

3*17 

4-86 

5*8o 


2 ' 


Orthorhombic, LoUingite 

D“ 

2-85 

5.25 

5-92 


2 

FcgAs . . 

Tetragonal 

DJ, 

3-627 


s-973 


2 

FeAsS . 

Monoclinic 

Cl. 

9-51 

5-65 

6-42 

^=90° 

8 

FeB . . . 

Orthorhombic 

D“ 

4-053 

S-49S 

2-946 


4 

FeaB. . . 

Tetragonal 

V? 

5-099 


4-240 


4 

FeBeg . . 

Hexagonal, MgZng 

Dl. 

4*212 

..... 

6-834 


4 

FeBcg , 

Cubic, f.c. MgCua 

D“ 

5-878 




8 

FegC . . 

Orthorhombic 

D“ 

4-5144 

00 

9 

xr\ 

6*7297 


4 

(Fe2Mn)C . 

Orthorhombic 

D“ 

4-50 

5-04 

6-73 


4 

FCyMOg . . 

Rhombohedral 

Dl. 

8-97 



«=30° 

I 







38-6' 


FegMogC . 

Cubic 

— 

ri-i 





F . 

Cubic, CraaCe 

o| 

^II-O 




4 

Fe^N . . 

Orthorhombic ? 

Dl. 

2-76 

4-82 

4-42 



FegN . . 

Hexagonal 

— 

2-695 


4-362 



Fe^N . . 

Cubic, f.c. 

01 

3.790 




I 

(Fe,Ni,Co)3P 

Tetragonal, b.c. 

SI 

9-013 


4-424 


8 

{FeM),S, . 

Cubic, CogSg 

01 ] 

t0-O2 




4 

FegNiAlio . 

Hexagonal, AlgCo^ 

D|. 

7-65 


7-61 


28 at. 

FeP . . . 

Orthorhombic 


5-782 

5-177 

3-089 


4 

FePa. . . 

Orthorhombic, FeS^ 

Vf 

2-725 

4-975 

5-657 


2 

Fe^P. . . 

Hexagonal 

D| 

5-852 


3-453 


3 

FegP. . . ' 

Tetragonal 

SI 

9-09 


4-45 


8 

FePt, . . 

Cubic, f.c. 

OS 

3-91 




4 at. 

FeS . . . 

Hexagonal, NiAs 


3-43 


5-79 


2 
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TABLE XLIV (continued) 


Compound 

System and Structure Type 

Space 

Group 

Lattice Constants 

Mols. 

per 

Unit 

Cell 

a 

b 

C 

Ax. 

Ang. 

FeSa . . 

Cubic (pyrites) 

Tg 

5*404 




4 


Orthorhombic (markasite) 

Vf 

3*35 

4-40 

5*35 


2 

FeSb . . 

Hexagonal, NiAs 

Bl. 

4*122 


5-163 


2 

FeSbg . . 

Orthorhombic, FeSg 


3*19 

5*82 

6*52 


2 

FeSbS . . 

Monoclinic 


10*04 

5-93 

6*68 

^=90° 

8 

FeSe. . . 

Tetragonal, above 300° 

DL 

3-765 


5-518 


2 


Hexagonal 


3-637 


5-958 


2 

Fe^iScg . 

Monoclinic, pseudo-FeSe 

— 

6-247 

3-581 

5-809 

/»= 

— 







90*98° 


FeSi . . . 

Cubic 

T 4 

4*480 




4 

FeSia . . 

Tetragonal . 

Ci, 

2*687 


5*127 


3 

Fe^Si . . 

Cubic, CugMnAl 

02 

2*82 




2 at. 

FeSn 

Hexagonal 

— 

5-292 


4.440 


3 

FeSng . . 

Hexagonal ? 

— 

S-317 


9-236 


4 

FeTe . . 

Hexagonal, NiAs 

BJ, 

3-800 


5-651 


2 

FegTi . . 

Tetragonal 

— 

5-23 


8*21 


4 

FeV . . . 

Cubic 

— 

2*89 




— 

FegW . . 

Hexagonal 

— 

4*727 


7*704 


4 

FegWg . . 

Rhombohedral, hex. cell 


4*738 


25*726 


8 

Fe,We . . 

Rhombohedral 

B|a 

9*02 



a2:=3o° 

I 







30*5' 


FegWaC . 

Cubic 

02 

11*04 




16 

Fe^WaC. . 

Cubic, f.c. 

— 

11*04 




16 

F ^21^^ 2^6 • 

Cubic, CrggCg 

02 

II 




4 

F 

Cubic, y-brass 

02 

8*992 




4 

GaAs 

Cubic, zinc blende 

T3 

5-63 




4 

GaP . . 

Cubic, zinc blende 

Ti 

5-44 




4 

GaSb 

Cubic, zinc blende 

Tj 

6-09 




4 

GdBe . . 

Cubic, CaBg 

02 

4-12 




I 

GeS . . . 

Orthorhombic 

B“ 

4-29 

10-42 

3-64 


4 

GeSg 

Orthorhombic 

'-' 2 V 

11-66 

6-86 

22-34 


24 

HgS . . 

Cubicy zinc blende 

Ti 

S-84 




4 


Hexagonal, cinnabar 

B| 

4-142 


9-49 


3 

HgSb4S, , 

Monoclinic 

CL 

15-14 

3-98 

21*60 


4 







104° 


HgSe . , 

Cubic, zinc blende 

Ti 

6-068 




4 
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TABLE XLIV {continued) 


Compound 

System and Structure Type 

Space 

Group 

Lattice Constants 

Mols. 

. per 
Unit 
Cell 

a 

1 

i ^ 

1 


Ax. 

Ang. 

HgTe . . 

Cubic, zinc blende 

Tl 

6*440 




4 

Hg,Tl, . . 

Cubic, fx. 

— 

4-67 




— 

InSb. . . 

Cubic, zinc blende 

T| 

6-45 



i 4 

KBia. . . 

Cubic 

oi 

9*501 

1 


8 

KFeSg . . 

Hexagonal 

^ 3 d 

13*041 



s-403 


8 

K^S . . . 

Cubic, CaFa 

oi 

7-35 




4 

KjSe . . 

Cubic 

Ol 

7*6761 



4 

KaTe 

Cubic, zinc blende 

Oi 

8-i52| 



4 

LaBg . 

Cubic, CaBg 

Ol 

4 'H 5 




I 

LaC* . . 

Tetragonal 

Dg 

3.92 


6-55 


2 

LaMga . . 

Cubic 

Ol 

7-478 




8 

LaPba . . 

Cubic, f.c. 

Oi 

4-893 




I 

LaSng . 

Cubic, f.c. 

Oi 

4*704 




I 

LaTla . , 

Hexagonal 

— 

3-45 


5*52 


— 

LiAg . . 

Cubic, CsCl 

Oi 

3-i68 




I 

LiAl . . 

Cubic, CsCl 

Oi 

3.23 




1 

a-LiBi . 

Tetragonal, b.c. 

— 

3-361 


4*247 


— 

LigBi 

Cubic, f.c., BiFa 

Oi 

6*708 




4 

LiGa 

Cubic 

Ol 

6-195 




8 

LiHg . . 

Cubic, CsCl 

Ol 

3-287 




I 

LiHgs . . 

Hexagonal 

— 

6*240 


4*794 


8 

Li,Hg . . 

Cubic (CsCl) 

— 

6-548 




16 at. 

I.iln . . 

Cubic, NaTl 

Oi 

6*786 




8 

LigS . 

Cubic, CaFa 

Oi 

5*70 




4 

LigSe . . 

Cubic 

Oi 

5-94 




4 

LigTe . . 

Cubic, CaFa 

Oi 

6-47 




4 

LiTl. . . 

Cubic, PdCu 

Oi 

3*42 




I 

LiZn 

Cubic, NaTl 

Oi 

6*209 




8 

LiaZiia . . 

Cubic ? 

! ' 

4*26 




r 

LiZzig . 

Hexagonal 

— 

2*782 


4-385 


2 


Hexagonal 

— 

4*362 


2-510 


2*8 

MggAsa . . 

Cubic, MnaOg 

Ti 

12*33 




16 

MgAu . . 

Cubic, CsCl 

Oi 

3*259 




I 

MggBia . . 

Hexagonal, LagOs 

Oil 

4*666 


7-401 


I 

MgCuAl . 

Hexagonal, MgZug 

OS, 

5*09 


8-35 


4 
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TABLE XLIV (continued) 


Compound 

System and Structure Type 

Space 

Lattice Constants 

Mols. 

per 

Group 

a 

b 

c 

Ax. 

Ang." 

Unit 

CeU 

Mff^CuAlfi . 

Cubic, b.c. 

— 

14-25 




161 at. 

MgjGe . . 

Cubic, CaFa 

o? 

6-378 




4 

MgHg . . 

Cubic, CsCl 

OJ 

3-442 




I 

MgNij . . 

Hexagonal 


5*26 


13*3 


4 

MgNi . . 

Hexagonal 

— 

4-87 


r^l 6*0 


8 

MgNiZn 

Cubic, CugMg 


6-96 




8 

MgsPa . . 

Cubic, MnaOa 

Tl 

12*01 




16 

MgaPb . . 

Cubic, CaFa 

Oi 

6-836 




4 . 

MgPr . . 

Cubic 

T, 

3-883 




I 

MgjPr . . 

Cubic, NaTl 

or : 

- 7-5 




4 

MgS. . . 

Cubic, NaCl 

oi 

5-19 




4 

MgaSba . • 

Hexagonal, LaaOa 

Dia 

4-573 


7*229 


I 

MgSe . . 

Cubic, NaCl 

OI 

5-45 




4 

MgaSi . . 

Cubic, CaF a 

OI 

6-39 




4 

MgaSn . . 

Cubic, CaFa 

Oi 

6-77 




4 

MgTe . 

Hexagonal, wurtzite 

Q. 

4*52 


7.33 


2 

MgTl . , 

Cubic, PdCu 

oi 

3*628 




I 

MgZn . 

Hexagonal 

Dl, 

10*66 


17*16 


48 

MgZna . 

Hexagonal 

1^611 

5*15 


8*48 


4 

MgZns . . 

Hexagonal 

Di 

9.92 1 


16*48 


16 

MgaZngAla. 

Cubic, b.c. 

— 

14*16 




161 at. 

MgaZngCua 

Ala 

Hexagonal 

— 

5*14 


8*41 


— 

MgaZnaCua 

Nia 

Cubic 

— 

7.03 




— 

MnAla . . 

Orthorhombic 

— 

14*79 

12*6 

12*43 


— 

MnAl^ . . 

Hexagonal 

— 

28-35 


12*36 


— 

MnAle . . 

Orthorhombic 

— 

6-51 

7*57 

8*87 


— 

MnAs . 

Orthorhombic, pseudo- 
NiAs 

^ll 

6-38 

5*63 

3*62 


4 

MnB . . 

Orthorhombic 

Dlh 

2-95 

11*5 

4*10 


8 

MnBca . . 

Hexagonal, MgZng 

Deh 

4-231 


6*909 


4 

Mn^Ca . . 

Hexagonal 

Qv 

13-87 


4-53 


8 

MiiaaCa 

Cubic, CraaC* 

02 

. — ' 10 




4 

MnCraS4 . 

Cubic 

— 

10-055 
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TABLE XLIV {continued) 


1 

Compound 

System and Structure Type 

Space 

Group 

Lattice Constants 

Mols. 

per 

Unit 

CeU 

1 

1 

. 1 

c 

Ax. 

Ang. 

MnNi . . 

Tetragonal, f.c. 

— 

3-658' 

3-540 




MnP . . 

Orthorhombic pseudo- 


?-905i 

5*249 

3-1671 


4 


NiAs ! 







MnS . . 

a-cubic, NaCl, green 

Oi 

5*212 


1 


4 


^i-cubic, zinc blende, red • 

T2 

5*6oo 




4 


y-hexagonal, wurtzite red 

Q. 

3-976 



6-432 


2 

MnSa 

Cubic, FeSg 

T' 

6*097 




4 

MnSb . . 

Hexagonal, NiAs 


3-61 


5*03 


2 

Mn^Sb . . 

Tetragonal 

DL 

4*o8 


6*56 


2 

MnSe . 

Cubic, NaCl 

oi 

5-45 




4 

MnSi 

Cubic, FeSi 

T4 

4-548 




4 

MnSig . 

Tetragonal 

— 

5*513 


17*422 


16 

MBgSi . . 

Cubic, b.c. 

ot 

00 




2 at. 

MngSig . . 

Hexagonal 

Dk 

6*898! 


4*802 


2 

MnTe . . 

Hexagonal, NiAs 

Dk 

4*124 


6*698 


2 

MnTeg . 

Cubic 

T? 

6-943 




4 

MnZng . . 

Cubic, y-brass 

Ti 

9*1 




52 at. 

MnZn7 . . 

Hexagonal 

— 

2*750 


4*419 


— 

MoBcg . 

Hexagonal, MgZng 

Dk 

4*434 


7-275 


4 

MoC . . 

Hexagonal, c.p. 

— 

2*995 


4-723 


— 

MogC . 

Hexagonal 

— 

2*997 


4-719 


— 

MOgFCg 

Hexagonal 

Djij 

4*74 


25-63 


8 

MoSg . . 

Hexagonal 

Dk 

3*15 


12*30 


2 

MoSig . 

Hexagonal 

DJJ 

3*200 


7*861 


2 

NaBi . . 

Tetragonal 

Dk 

3-46 


4*50 


I 

NaCdg . . 


o. 






NaCl . . ' 

Cubic 

i O' 

5-6273 

7 C. pure) 


4 


Cubic, rock-salt 

OI 

5*6276 

8 



4 

Nain . . 

Cubic, NaTl 

T2 

7*297 




8 

Na^Pb, . . 

Cubic 

— 

4-873 




4 at. 

Naj5Pb4 

Cubic, Cui5Si4 

T« 

13*29 




4 

NaigSn* . . 

Orthorhombic 

— 

9.79 

22*78 

5-56 


— 

^^siFbg- 

Cubic, f.c. 

— 

13-27 




78 at. 

Na^S . . 

Cubic, CaFg 

Oi 

6*526 




4 

NagSe . 

Cubic, NaTl 

Oi 

6*809 




8 

NagTe . 

Cubic, NaTl 

Oi 

7*313 
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TABLE XLIV {continued) 


Compound 

System and Structure Type 

Space 

Group 

Lattice Constants 

Mols. 

per 

Unit 

Cell 

a 

b 

C 

Ax. 

Ang. 

NaTl . . 

Cubic 

01 

7*473 




8 

NbC. . . 

Cubic, NaCl 

01 

4-40 




4 

NdAl . . 

Cubic, CsCl 

01 

3-73 




I 

NdB. . . 

Cubic, CaB<j 

01 

4*ii8 




I 

NdCa . . 

Tetragonal, CaCg 

DS 

3.90 


6-23 


2 

NiAs. . . 

Hexagonal 


3*6i 


5-03 


2 

NiAsS . . 

Cubic 

T* 

5-70 




4 

NiiiB. . . 

Tetragonal, b.c. 


4*980 


4-236 


4 

NiBe . . 

Cubic, b.c. 

— 

2*603 




I 

NigBegj . , 

Cubic, y-brass 

— 

7-56 




2 

NiS . . . 

a, rhombohedral 

Cl. 

5-63 



0C= 

3 







116° 








35' 



hexagonal, NiAs 

I>k 

3-42 


5-30 


2 

NiSa . . 

Cubic, FeSa 

Tg 

5-74 




4 

NijS* . . 

Cubic, spinel, AlgMgO 

01 

9-5 




8 

NiSba . . 

Orthorhombic 

— 

3*2o6 

5-634 

6*288 


— 

NiSb. . . 

Hexagonal, NiAs 


3.92 


5-II 


2 

NiaSb . . 

Tetragonal 


5-785 


6*00 


2 

NiSbS . . 

Cubic 

T* 

5-90 




4 

NigSb . . 

Cubic 

— 

6-054 




4 

NiSe. . . 

Hexagonal, NiAs 

i>k 

3-66 


5-33 


2 

NiScg 

Cubic, FeSg 

TS 

6*02 




4 

NiSi . . . 

Cubic, FeSi 

fp4 

4*437 




4 

NiSn . . 

Hexagonal, NiAs 

Dt. 

4*o8i 


5-174 


2 

NiTe . . 

Hexagonal, NiAs 

J>k 

3*95 


5-36 


2 

NiaWgC . 

Cubic 

— 

11*15 




— 

NiZn . . 

^i-tetragonal, AuCu 

— 

2*754 


3-214 


I 


j^-cubic, CsCl, > 890° 

01 

2*9083 




I 

ISfi^Zn 21 

Cubic, y-brass 

Tl 

8*904 




2 

OsSg. 

Cubic, FeSg 

Tl 

5-6075 




4 

OsScg . 

Cubic, FeSg 

Tl 

5-933 




4 

OsTe^ . 

Cubic, FeSa 

Tl 

6-369 




4 

PbAs2S4 . 

Orthorhombic 

— 

S-94 

3-67 

13-65 


2 

PbaBi . . 

Hexagonal, c.p. 

Ok 

3-483 


5-78 


2 at. 

PbS . . . 

Cubic, NaCl 

01 

5-93 




4 
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TABLE XLIV {continued') 


Compound 

System and Structure Type 

Space 

Group 

Lattice Constants 

Mols. 

per 

Unit 

CeU 

a 

b 

C 

Ax. 

Ang. 

6Pb(S,Tl)s • 

AuTlg Tetragonal 

— 

12-5 


30*25 


8 

PbSbjSi. . 

Orthorhombic 

— 

6-37 

3 - 8 r 

r +'53 


2 

PbSe . . 

Cubic, NaCl 

oi 

6*14 




4 

PbSnSa . . 

Orthorhombic, SnS 

C, 

4*04 

4*28 

11-33 


2 

PbTe . . 

Cubic, NaCl 

Oi 

6-44 




4 

PdAsg . 

Cubic, FeSg 

T® 

Ah 

5*970 




4 

PdBe . . 

Cubic, CsCl 

Ol 

2*813 




I 

PdBeg . . 

Cubic, f.c. 

TJ 

5-982 




4 

PdgCrg . . 

Cubic, f-c. 

o| 

3-8395 




4 at. 

PdSb . . 

Hexagonal, NiAs 

Dl. 

4*070 


5-582 


2 

PdSbg . . 

Cubic, FeSg 

Ti 

6-439 




4 

PdTe . . 

Hexagonal, NiAs 

OL 

4-127 


5-663 


2 

PdTe^ . . 

Hexagonal, Cdig 

OL 

4*028 


5*ii8 


I 

PdsZiigi* 

Cubic, b.c. y-brass 

T| 

9*089 




2 

PrBe- . . 

Cubic, CaBe 

Ol 

4*121 




I 

PrCg. . . 

Tetragonal, CaCg 

D” 

3-85 


6-38 


2 

PrPba . . 

Cubic, f.c. 

OS 

4-857 




I 

PrSng . . 

Cubic 

OS 

4*704 




I 

PtAsg 

Cubic, FeSg 

TS 

5*92 

i 



4 

PtgBcgi . 

Deformed }/-brass type 

— 

— 

i 



— 

PtPg. . . 

Cubic, FeS^ 

TS 

5*683 




4 

(Pt,Pd)S . 

Tetragonal 

CL 

6-37 


6*58 


8 

PtS . . . 

Tetragonal 

OL 

3-47 


6*10 


2 

PtSg . . . 

Hexagonal, Cdig 

OL 

3*537 


5-019 


I 

PtSb. . . 

Hexagonal, NiAs 

OL 

4*130 

j 

5-472 


2 

PtSbg . . 

Cubic, FeSg 

TS 

6*428 




4 

PtSeg . . 

Hexagonal, Cdlg 

Dl, 

3*724 


5-062 


I 

PtSn. . . 

Hexagonal, NiAs 

OL 

4*103 


5-428 


2 

PtTeg . . 

Hexagonal, Cdig 

0|d 

4*010 


5*201 


I 

PtTl. . . 

Hexagonal 

D ^ 

5-605 


4-639 


6 

PtsZngi • 

Cubic, y-brass 

T| 

8-079 




2 

RbSg . . 

Cubic, CaFg 

OS 

7-65 


- 


4 

ReBcg - 

Hexagonal, MgZn 

OL 

4-3+S 


7-087 


4 

RuSg . . 

Cubic, FeSg 

TS 

5-57 




4 

RuScg . . 

Cubic, FeSg 

TS 

5-921 




4 
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TABLE XLIV {continued) 






Lattice Constants 

Mols. 


System and Structure Type 

Space 

Group 



per 

Compound 

a 


c 

Ax. 

Ang. 

Unit 

Cell 

RuTcg . 

Cubic, FeSa 

T6 

6*360 




4 

SbaSg . . 

Orthorhombic 

Vi 

11*39 

11*48 

3-89 


4 

SbTl . . 

Cubic, CsCl 

Oi 

3-84 




I 

Sb^Tl, . . 

Cubic 

oi 

11*59 




6 

SiC . . . 

Hexagonal, Mod. I 

Ci. 

3*095 


37-95 


15 


Mod. II 

C|. 

3-0755 


M 

6 

00 

00 

05 

6 


Mod. Ill 

C|. 

3*095 


10*09 


4 


(zinc blende) Mod. IV 

T| 

4-3503 




4 

to 

Orthorhombic 

Dii 

5*60 

5-53 

9-55 


4 

SnOa 

Tetragonal TiOg 

7)14 

4*72 


3-17 


2 

SnS . . . 

Orthorhombic 

7)16 

3-98 

4-33 

1 1*18 


4 

SxiSa 

Hexagonal, Cdlg 

Dia 

3-62 


5-85 


I 

SnSb . . 

Rhombohedral, pseudo- 
zinc blende 

— 

6*214 



a== 

89-38° 

4 

SnTe . . 

Cubic, NaCl 

Oi 

6*28 




4 

SrB, . . . 

Cubic, CaBg 

Oi 

4*19 




I 

SrCa . . 

Tetragonal, CaCg 

Dii 

4*11 


6*68 


2 

SrPbs . . 

Tetragonal 

— 

4-955 


5*025 


I 

SrS , 

Cubic, NaCl 

Oi 

6*01 




4 

SrSe . 

Cubic, NaCl 

Oi 

6*23 




4 

SrTe . . 

Cubic, NaCl 

Oi 

6*65 




4 

SrTl . . 

Cubic, CsCl 

Oi 

4*024 




I 

TaC . . 

Cubic, NaCl 

Oi 

4-446 




4 

Ta^C . . 

Hexagonal, c.p. 

— 

3-091 


4-93 


I 

ThB. . . 

Cubic, CaBg 

Oi 

4--32 




I 

TlxCa . . 

Tetragonal, CaCg 

DS 

4-14 


5*28 


2 

TiBca . . 

Cubic, CugMg 

Dii 

6-435 




8 

TiC . . . 

Cubic, NaCl 

Oi 

4-320 




4 

TiSa. . . 

Hexagonal, Cdia 

DL 

3-40 


s-69 


I 






TiSea 

Hexagonal, Cdig 


3-53 


6*00 


I 

TiTea . . 

Hexagonal, Cdlg 

D|a 

3-79 


6-45 


I 

TlBi . . 

Cubic, CsCl 

Oi 

3-98 




I 

VBea . . 

Hexagonal, MgZng 


4-385 


7-130 


4 

VC . . . 

Cubic, NaCl 

'Oi 

4-30 




4 

WC . . . 

Hexagonal 

i 

— 

2*894 


2-830 


— 
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TABLE XLIV [continued) 


Compound 

System and Structure Type 

Space 

Grouf 

Lattice Constants 

Mols. 

per 

1 

1 ^ 

h 

c 

i Ai. 

I Ang. 

Unit 

CeU 

w,c . . 

1 

1 Rhombohedral, pseudo- 

i r )5 

i 3‘49 



1 

.1 a= 

I 


cubic 

1 

1 




184“ 0' 



i Hexagonal 

1 

i 2'986 

> « . . 

4-71: 

l\ 

1 

j 

ws, . . 

Hexagonal, MoSg 

■‘-'eh 

i 3 -i8 


. , , , 

1 

|I 2-5 

1 

1 

2 

WSij . . 

Tetragonal, MoSi^ 

DS 

3-212 

• • * . 

1 7-88c 


2 

WBe^ . . 

Hexagonal, MgZn, 


4 - 437 i 


' 7*274 


4 

W,P . . 

Hexagonal 

— 

6 -i 8 

! 


‘ 6-78 



FB,. . . 

Cubic, CaB, 

Oi 

4-07 

: 


1 


I 

YbB, . . 

Cubic, CaB* 

01 

4-13 

1 




I 

ZnAsj . . 

Orthorhombic 

Dl? 

7.72 


7-99 136-28 


32 

ZnjAsj . . 

Tetragonal, ZnjPj 


8-316! 

* * • • • 

11-76 

i 

8 

ZngFeSg 

Cubic - 

— 

5-415 





- 

ZnPg . . 

Tetragonal 

Di 

5-07 



18-65 


8 

Z113P 2 . 

Tetragonal 

DM 

8-097 



11-45 


8 

ZnS (zinc 









blende) , 

Cubic 

T| 

5*403 





4 

ZnS (wurt- 









zite) . . 

Hexagonal 

Oi 

3*84 



6-28 


2 

ZnSb . , 

Orthorhombic 

— 

6-17 


8-27 

3*94 


4 

ZnSe . . 

Cubic, zinc blende 

Tl 

5-66 





4 

ZnTe , . 

Cubic, zinc blende 

Tl 

6-09 





4 

ZrBa ? . . 

Hexagonal 

— 

3*15 



3*53 


T 

ZrC. . . 

Cubic, NaCl 

Oi 

4-687 



1 


4 

ZrSg. . . 

Hexagonal, Cdlj 

Oi 

3*68 


• ■ • • 

5-85 


I 

ZrSea . . 

Hexagonal, Cdl, 

Oi 

3*79 

, 


6-18 


I 

ZrSig 

Orthorhombic 

DM 

3*72 

14*61 

3-67 


4 

ZrWg . . 

Cubic 

01 

7-61 


1 


1 

8 
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X-RAY PROTECTION 

Units of Intensity and Dosage. In crystallographic measurements, 
the intensity of radiation emitted by the tube or reflected from the 
crystal is expressed in c.g.s. units — that is, it is measured in ergs 
per square centimetre per second. 

A different unit is employed in X-ray therapy. This is the 
International Unit of Quantity, or RSntgen (r), adopted at Stockholm 
in 1928, and is based upon intensity measurements made with an 
ionization chamber. The rSntgen is defined as “the quantity of 
X-radiation which, when the secondary electrons are fully utilized 
and the wall effect of the chamber is avoided, produces in i c.c. of 
atmospheric air at 0° C. and 760 mm. of mercury pressure such a 
degree of conductivity that one electrostatic unit of charge is 
measured at saturation current”. A suitable instrument for measur- 
ing the intensity is the Mecapion, described by E. J. H. Roth 
(British Journal of Radiology., 3 , 155, 1930). 

X-rays have an adverse effect on the tissues of the body, and 
this effect is cumulative above a certain minimum dosage. A 
normally healthy person can tolerate quite safely an exposure to 
X-rays and radium 7-rays to an extent of one rontgen per working 
week of 35 hours, which corresponds roughly to a toleration dosage 
rate of io“® r per second. To effect these conditions, the operator 
must be protected from the direct beam and from scattered radiation 
by a suitable thickness of lead or other absorbing material. A table 
of protective thicknesses based upon the Recommendations of the 
British X-ray and Radium Protection Committee (6th revised report, 
1 943), is given opposite. 

To ensure protection against scattered radiation, from a high 
voltage radiographic set, it is essential that the operator be stationed 
outside the X-ray room behind a protective wall, the lead equivalent 
of which will depend on circumstances. In the case of a single 
X-ray tube running up to 200 Kv. peak, the protective wall should 
have a lead equivalent of not less than 2 mm. Full protection 
must be provided in all directions where the direct beam may operate 
dangerously. 
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TABLE XLV 

Minimum Thickness of Lead, Plaster and Concrete for Primary Protection 


X*rays generated by Peak 
Voltages 

Minimum Tliicknesses in mm. 

Not exceeding Kv. 

Lead 

Barium Plaster* 

3*2 grams/cc. 

Concrete f 

2*2 grams/cc. 

75 

1*0 



100 

1-5 



125 

2*0 



ISO 

2-S 

30 

200 

175 

3'0 



200 

4-0 

60 

275 

250 ' 

6*0 



300 

9-0 

no 

290 

350 

13-0 



400 

17*0 

150 

350 

500 

26-0 



600 

35’0 

275 


700 

44.0 



800 

53'0 

325 


900 

62-0 



1000 

1 

70'0 

350 


5 grams radium (0-5 




mm. Pt Screen) at 




50 cms. distance 

I2’5 

60 

90 


* Barium Plaster. 2 parts coarse BaSOi -f- 2 parts fine BaS 04 + i part cement 
f Concrete. 2 parts ballast + 2 parts sand + i part cement 





382 


AN INTRODUCTION TO X-RAY METALLOGRAPHY 


TABLE 


Physical 


Symbol 

Element 

Atomic 

Number 

Atomic 

Weight 

Melting 
Point 
° C. 

Change 

Point 
° C. 

Boiling 

Point 

®C. 

Ag 

Silver .... 

47 

107*880 

960-5 


1950 

A 1 

Aluminium . . 

13 

26*97 

659-7 


1800 

As 

Arsenic . 

33 

74*91 

500 


615 

Au 

Gold .... 

79 

197*20 

1063 


2600 

B 

Boron .... 

5 

10*82 

2300 


2550 

Ba 

Barium . . 

56 

137.36 

850 


1140 

Be 

Beryllium 

4 

9*02 

1350 

630-640 

1500 

Bi 

Bismuth . 

83 

209*00 

271*3 


1450 

C 

Carbon , 

6 

12*010 

> 3500 


4200 

Ca 

Calcium . 

20 

40*08 

810 

oi-d 300° 
450° 

1170 

Cb 

Columbium . 

41 

92*91 

1950 


2900 

Cd 

Cadmium 

48 

112*41 

320*9 


767 

Ce 

Cerium . 

58 

140*13 

640 


1406 

Co 

Cobalt 

27 

58-94 

1480 

450 

3000 

Cr 

Chromium . 

24 

52-01 

1615 


2200 

Cs 

Caesium . 

55 

132-91 

28*5 


670 

Cu 

Copper . 

29 

63-57 

1083 


2300 

Fe 

Iron .... 

26 

55-84 

1535 

a-y 906 
y -<5 1403 

3000 

Ga 

Gallium . 

31 

69*72 

29*75 ' 


> 1600 

Ge 

Germanium . 

32 

1 72*60 

958-5 


2700 
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.VI 

SISTANTS 



Space 

Group 

Lattice 


Lattice Parameters 


Lattice 





Density 


Type 

a 

b 

C 

Ax. Ang. 

(X-ray) 


cubic, f.c. 

o? 

A I 

+•07787 




10*494 

cubic, f.c. 

oj 

A I 

+-0+IS9 




2*695 

rliombohedral 

i>li 

A 7 

4*135 



« = 54° 7' 30" 

5-727 

cubic, f c. 

o| 

A I 

4*07042 



19*287 

orthorhombic f 
tetragonal ? 

— 

— 

17*86 

8-93 

8-93 

10*13 

5*o6 


2*310 

2*310 

cubic, b.c. 


A 2 

5-015 




3*590 

1*857 

1*89 

a. hexagonal c.p. 
hexagonal 


As 

2*2680 

7*1 


3-5942 

10-8 


rhombohedral 

Did 

A7 

+•736+ 

+•53726 


11*8381 
(hex. axes) 

a=:57°i4 13'' 

9-798 



cubic, f.c. 

01 

A4 

3-55965 



Diamond 

S*5o8 

hexagonal 

DJ. 

A9 

2-456 


6*696 

a-graphite 

2*265 

rhombohedral 

D|. 


2-456 


10*044 

^-graphite 
(hex. axes) 


a-cubic, f.c. 

o» 

A I 

5-560 



20° C. 

1-537 

y-hexagonal, c.p. 

DJ. 

As 

3-94 


6*46 

(above 450®) 

1*52 

cubic, b.c. 

01 

A 2 

3-2941 




8-569 

hexagonal, c.p. 

D|b 

A 3 

2-97311 


5*60694 


8-637 

a~hexagonal, c.p. 

DIb 

A3 

3-65 


5*91 


6*775 

jd-cubic, f.c. 

og 

A I 

5-143 



6*792 

a-hexagonal, c.p 

D|b 

As . 

2-507 

• • • » • 

4*072 


8*766 

l^-cubic, f.c. 

og 

A I 

3-558 


3*545 





(700° C.) 


(20° C.) 



a-cubic, b.c. 

og 

A 2 

2*8786 




7*i88 

^-hexagonal, c.p. 

Dtb 

As 

2*717 


4-418 


6*07 

y>K:ubic, b.c. 

T| 

A 12 

8-717 



7*507 

cubic, b.c. 

Og 

A 2 

6*05 




1*98 

cubic, f.c. 

Og 

A I 

3*6o8o 




8-923 

a-cubic, b.c. 

Og 

A 2 

2*86046 




7-868 

y-cubic, f.c. 

Og 

A I 

3-564 


3-649 


7-58 




(20° C.) 


(950° C.) 


(950=) 

orthorhombic 

Via 

A II 

4-5167 

4-5107 

7-6448 


5-903 

cubic, f.c. 

Og 1 

A4 

5-647 




5-316 
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table 


Symbol 

Element 

Atomic 

Number 

Atomic 

Weight 

Melting 

Point 

°C. 

Change 

Point 
® C. 

Boiling 

Point 

®C. 

H 

Hydrogen 

I 

i-oo8o 

- 259-14 


- 252-7 

Hf 

Hafnium . . . 

72 

178-6 

1700 


> 3200 

Hg 

Mercury . . 

80 

200-6 1 

- 38-87 


356-9 

I 

Iodine 

53 

126-92 

113-5 


184-35 

In 

Indium . . 

49 

114-76 

155 


1450 

Ir 

Iridium . . . 

77 

193-1 

2350 


> 4800 

K 

Potassium 

19 

39-096 

62-3 


760 

La 

Lanthanum . 

57 

138-92 

826 


1800 

Li 

Lithium . . . 

3 

6-940 

186 


>1220 

Mg 

Magnesium . . 

12 

24-32 

651 


IIIO 

Mn 

Manganese . 

25 

54-93 

1260 

a to 742 
yS 742-1 191 
y I191 to m.p. 

1900 

Mo 

Molybdenum 

42 

95*95 

2620 


3700 

N 

Nitrogen . . . 

7 

14-008 

— 209-86 


— 195-8 

Na 

Sodium . . . 

II 

22-997 

97*5 


880 

Nd 

Neodymium . . 

60 

144*27 

840 


— 

Ni 

Nickel . . 

28 

58-69 

1455 


2900 

0 j 

Oxygen . . - 

8 

1 6-000 

— 218-4 


-183 

Os 

Osmium . 

76 

190-2 

2700 


5300 

P 

Phosphorus . 

15 

30-98 

44*1 


280 

Pb 

Lead .... 

82 

207-21 

327*4 


1620 

Pd 

Palladium . . 

46 

106-7 

1553 


2200 

Pr 

Praseodymium . 

59 

140-92 

940 


— 

Pt 

Platinum . 

78 

195-23 

1773*5 


4300 ^ 

Rb 

Rubidium 

37 

85-48 

38-5 


700 

Re 

Rhenium . . 

75 

186-31 

3000 


— 

Rh 

Rhodium 

45 

102-91 

1985 


> 2500 

Ru 

Ruthenium . 

44 

101-7 

2450 


> 2700 
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LVI {continued) 


Lattice 

Space 

Group 

Lattice 

Type 

I 

j Lattice Parameters 

Density 

(X-ray) 

a 

* 

c 

Ax. Ang. 

hexagonal 

1 

? 

? 

3*75 


6-12 

1 

1 

0-089 








(2® abs.) 

hexagonal 

DL 

All 

3*200 


5-077 

1 

13-08 

1 

rhombohedral 

Dl. 

A II 

2-999 



oc = 70® 31*7' 







(227® abs.) 


orthorhombic 

yis 

A 14 

4-791 

7-248 

9*771 


4*933 

tetragonal 


A6 

4-585 


4-941 


7-284 

cubic, f.c. 

Ol 

A I 

3-8312 




22-64 

cubic, b.c. 

oi 

A 2 

5*333 




0-850 

a-hexagonal, c.p. 


A3 

3*754 


6*063 


6-188 

^-cubic, f.c. 

Ol 

A I 

5-296 



6-165 

cubic, b.c. 

Ol 

A 2 

3*51 




0-53 

hexagonal, c.p. 

Dt. 

A 3 

3-20300 


5*2002 


1-736 

a-cubic, b.c. 

T| 

A 12 

8-894 




7-464 

j^-cubic 

0, 

A 13 

6*300 




7-24 

y-tetragonal 

DS 

A6 

3*774 



3-526 


7*21 

cubic, b.c. 

Ol 

A 2 

3*14103 




10-217 

cubic 

T‘ 


5-66 

(2i®abs.) 



1-02 

cubic, b.c. 

Ol 

A 2 

4-30 




0*954 

hexagonal, c.p. 


A3 

3-657 


5-880 


6-984 

a-hexagonal, c.p. 

Dl. 

A3 

2-49 


4-08 


8-8 

j^-cubic, f.c. 

Ol 

A I 

3-51684 




8*900 

orthorhombic 

— 

— 

5-50 

3-82 

3*44 

(21® abs.) 

1*46 

rhombohedral 

Ci. 

— 

6-19 


a = 99-1® 

1-394 







(33° abs.) 

cubic 

TS 

— 

6*83 



(48“ abs.) 

1-324 

hexagonal, c.p. 


A j 

2*7304 


4-3099 


22-69 

cubic 

— 

— 

7*17 



(white) 

2-22 

orthorhombic 

yis 

A 16 

3*31 

4-38 

10-50 

(black) 

2-687 

cubic, f.c. 

OH 

Ai 

4-9389 




11-341 

cubic, f.c. 

Ol 

A I 

3-8817 




12-028 

hexagonal, c.p. 


A3 

3-657 


5-924 


6*77 

cubic, f.c. 

Ol 

A I 

3-9158 



21-438 

cubic, b.c. 

■Ol 

A 2 

5-62 

(100° 


* 

1-59 




. 

abs.) 



hexagonal, c.p. 

Dk 

A3 

2-7553 


4*4493 


20-996 

cubic, f.c. 

OH 

Ai 

3-7956 




12-418 

hexagonal, c.p. 

Dk 

A3 

2-6987 


4-2740 


12*436 
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TABLE 


Symbol 

Element 

Atomic 

Number 

Atomic 

Weight 

Melting 

Point 

Change 

Point 

Boiling 

Point 

“C. 

s 

Sulphur , . . 

i6 

32-064 

112-8 

rhomb. 

119-0 

monocl. 

95-5 

444-6 

Sb 

Antimony . . 

51 

121-76 

630-5 


1380 

Se 

Selenium . . , 

34 , 

78-96 

220 


688 

Si 

Silicon . . . 

14 

28-06 

1420 


2600 

Sn 

Tin .... 

so 

118-70 

231-89 

18 

2260 

Sr 

Strontium . . 

38 

87-63 

800 


1150 

Ta 

Tantalum , . 

73 

i8o-88 

2850 


>4100 

Te 

Tellurium , . 

52 

127-61 

452 


1390 

Th 

Thorium . . . 

90 

232-12 

1845 


>3000 

Ti 

Titanium . . 

22 

47-90 

1800 


> 3000 

T 1 

Thallium . . 

81 

204-39 

303-5 

231 

1650 

U 

Uranium . . 

92 

238-07 

< 1850 


— 

V 

Vanadium . . 

23 

50-95 

1710 


3000 

W 

Tungsten. . . 

74 

183-92 

3370 


5900 

Zn 

Zinc .... 

30 

65-38 

419-47 


907 

Zr 

Zirconium . . 

40 

91*22 

1900 

862 

>2900 
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,VI [ continued ) 


Lattice 

Space 

Group 

Lattice 

Type 

Lattice Parameters 

Density 

(X-ray) 

a 

b 


Ax. Ang. 

orthorhombic 

vr 

A 17 

1 0-48 

12*92 

24-55 

j — — — 

1 

2-04 

monoclinic 

a 

— 





1 

monoclinic 

q. 

— 

26-4 

9-26 

13-32 

^ = 79*15' 

2-00 

rhombohedral 


A? 

4-49762 



a=57*6' 2 f 

6-688 

hexagonal 


A8 

4-337 


4-944 


4-845 

monoclinic 

Qh 

— 

8-992 

8-973 

II '52 

/S = 91* 34' 

4-48 

monoclinic 


— 

12-74 

8-04 

9-25 


4-40 

cubic, f.c. 

01 

A 4 

S-41982 




2-325 

a-cubic, f.c. 

01 

A4 

6-46 




5-8i 

^-tetragonal 

Di? 

A 5 

5-81950 


3-17500 


7*281 

cubic, f.c. 

01 

Ai 

6-075 




2-577 

cubic, b.c. 

01 

A2 

3.2959 




16-654 

hexagonal 


A8 

4-445 


5-912 


6-235 

cubic, fc. 

01 

Ai 

5-077 




11-695 

hexagonal, c.p. 


A3 

2-953 

i 

4-729 


4-42 

a-hexagonal, c.p. 

K 

A3 

3.4496 


V 5-5137 


11-84 

j3-cubic, b.c. 

01 

A 2 

3-874 

(262*0.) 




a-monoclinic 

Qh 

_ 

2-829 

4-887 

3-308 

18=64° 18' 

19-05 

jj-cubic, b.c. 

0 ? 

A2 

3-43 




19-45 

cubic, b.c. 

0^ 

A 2 

3-0338 




6-015 

a-cubic 

0^ 

Aij 

5-038 

(20* C.) 



18-97 

jS-cubic, b.c. 

01 

A 2 

3-15837 

(25* C.) 



19-261 

hexagonal, c.p. 

Ok 

A3 

2-65949 


4-93685 


7-130 

a-hexagonal, c.p. 

Dlh 

A3 

3-223 


5-123 


6-525 

jlJ-cubic, b.c. 

01 

A 2 

3-61 


(867* C.) 


6-39 
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SPACE-GROUP NOMENCLATURE 

The space-group nomenclature used throughout the book is the 
classical one of Schoenflies. It is now being rapidly superseded by 
the more descriptive symbolism devised by Hermann and Mauguin. 
To facilitate changing from one nomenclature to the other, a synoptical 
cable is appended. 

The Hermann-Mauguin notation consists of a series of letters 
and numbers which describe the space-group symmetry in relation 
to the crystal axes c. 

First comes a capital letter denoting the type of lattice. P 
denotes a simple or primitive lattice ; C lattices centred on 

faces (loo), (oio), and (ooi) respectively ; Pis a lattice centred on 
all faces, I a body-centred lattice. P is a rhombohedral lattice ; 
C and H refer to hexagonal lattices. 

The lattice symbol is followed by a number denoting the nature 
of the principal axis of the crystal. Thus P4 denotes a simple cell 
with a fourfold axis of rotation. If a bar is placed over the top of 
the number, it denotes an axis of rotary inversion, i.e. the structure 
is inverted through the centre after rotation through part of a turn. 
If there is a reflexion plane at right angles to the rotation axis, it is 
written as part of the symbol. Thus P'^fm denotes a simple cell 
with a twofold axis and a reflexion plane at right angles to it. Screw 
axes are indicated by suffices, e.g. 62 denotes an axis which rotates 
the structure through ^ of a turn in a clockwise direction and translates 
it a distance 2r/6. 

A reflexion plane is denoted by the letter m. Glide planes 
involve a reflexion and a translation and are represented thus; 


Translation 

Symbol 


a! 2 

a 


bfo. 

b 


c/i 

c 

a b 

b c a c 

n 

2 

2 2 

a b 

b c a c 

' -or ' 

d 


4 4 ^ 

Thus Pnma is a frequently recurring orthorhombic space group. 

h r 

n denotes reflexion planes parallel to (100) involving a glide — + 

2 2 
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Planes parallel to (010) are mirror planes m, while reflexion planes 
parallel to (001) involve a glide 1 denoted by the final letter a. 

For further information on this subject, the reader is referred to 
the Internationale Tahellen zur Bestimmung von Kristallstrukturen, to 
TheCpstallme State, by W. L. Bragg, and to X-ray Crystallography, 
by M. J. Buerger. & r j-> 


TABLE XLVII 


Space-Group Nomenclatures of Schoenflies and of Mauguin 



Schoen- 

flies 

Mauguin 

Normalized 

Mauguin 

Other Orientations 


Schoen- 

flies 

Mauguin 

Normalized 

Mauguin 

Other Orientations 

I 

Q 

Pi 

Bi, Cl, Fi, 

28 

n\z 

'-'2w 

Ccc 



Q,si 

Pi 

/x. . . 

29 

/^14 

Amm 

Btnm 

2 

■^^9 Cl, Fi, 

30 

Cll 

Abm 

Bma . 




li... 

31 

y^lS 

^2t» 

^17 

/^18 

'-'20 

/^19 

'-'20 

cu 

Ama 

Bbm 

3 

4 

5 

6 

Ch. Ci 

1^2 /^2 

/^3 

ni r>4. 

Pm 

Pc 

Cm 

Cc 

Bm 

Pa,Pn,Ba,Bc,Bd 
Am, Im, Fm 

Aa, la, Fd 

32 

33 

34 

35 

36 

Aba 

Fmm 

Fdd 

ImTfi 

Iba 

Bba 

7 

8 

Cl 

Cl 

P2 

P 2 , 

Bz 

Bz^ 

37 

Cf. 

Ima 

Ibm 





9 

Cl 

C 2 

A2, I2, Fz 

3 « 

nni 

Pzzz 

. . . 




39 

nni 

Pzzzi 

Pz^zz ; Pzz^z 


Ch 



10 

P^/m 

Bz/m 

40 

nni 

Pz-iZ^Z 

Pzz^z^\ Pz^ZZy 


Cl, 

Pz^fm 

B^Jm 

41 

y\D% 

Pz^z^z^ 


12 


Cz/m 

Az/m, Iz/m, 

42 

VM >1 

Czzzj 

Az^zz\ Bzz^z 


a 


Fz/m 

43 

V\D\ 

Czzz 

Azzz\ Bzzz 

13 

Pz/c 

Pz/a,Pz/n,Bz/a, 

44 

f^,Dl 

Fzzz 

• « * 


CL 


Bz/c, Bz/d 

45 

f^,Dl 

Izzz 

« • • 

H 

Pz,/c 

P^x/a, Pzjn, 

46 



• • • 




Bzja, Bzjc, 

47 

n,i>L 

Pmmm 




CL 


Bzjd 

48 

n,DL 

Pnnn 

... 

15 

Cz/c 

Az/ a, Iz/ a, Iz/c, 

49 

n dl 

Peem 

Pbmb; Pmaa 




Fzjd 

50 

51 

nDL 

nDL 

Pban 

Pena; Pneb 

Pmmh; Pmam; 

16. 

CL 

Pmm 


Pmma 



Pmems Pbmmi 

17 


Pmc 

Pem 




Petnm 

18 

CL 

Pcc 

. . . 

52 

nDL 

Pnna 

Pnnb; Pnan; 

19 

CL 

Pma 

Pbm 


Pnen; Pbnn; 

20 

CL 

Pea 

Pbc 




Penn 

21 

CL 

Pne 

Pen 

53 


Pmna 

Pnmbs Pmanj 

22 

civ 

Pmn 

Pnm 


Pnem; Pbmns 

23 

CL 

Pba 

... 




Penm 

24 

CL 

Pna 

Pbn 

54 

nDL 

Pcca 

Peebi Phabi 

25 

/^lO 

Pnn 

. . ■ 


Pbeb; Pbaa; 

26 

Cll 

Cmm 

... 




Pcaa 

27 

cs 

Cmc 

Cem 

55. 

kdl 

Pbam 

Pema; Pmcb 
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TABLE XL VII (continued) 



Schoen- 

Mauguin 

Mauguin 


flies 

Normalized 

Other Orientations 

56 


1 Pccn 

Pbnb; Pnaa 

57 


Pbcm 

Pbma; Pcam^ 


Pcmbs Pmab; 
Pmca 



58 

Tri2 ni 2 
^ h 9 

Pnnm 

Pnmns Pmnn 

59 

z^3 nia 
^ A > 

Pmmn 

Pmnm; Pnmm 

60 


Pbcn 

Pbna; Pcan; 



Pcnb; Pnab^ 

Pnca 


61 


Phca 

Pcab 

62 


Pnma 

Pnam; Pbnm; 



Pcmn; Pmnb; 
Pmcn 


63 


Cmcm 

Ccmm; Amma; 


Amam; Bmmb; 
Bbmm 



64 

^,-DS 

Cmca 

Ccmai Abma; 


A bam; Bmab; 
Bbam 



65 


Cmmm 

Ammm; Bmmm 

66 


Cccm 

Amaa; Bbmb 

67 


Cmma 

Abmm; Bmam 

68 

^,i)g 

Ccca 

Abaa; Bbab 

69 


Fmmm 

... 

70 


Fddd 

. . . 

71 


Immm 

... 

72 

yf,D'^ 

Ibam 

Icma; Imcb 

73 

yr,-DfH 

Ibca 


74 

yf, 

Imma 

Imcm; Ibmm 

75 


p\ 

C4 

76 

51 


FI 

77 

yi>D\, 

P\zm 

C'^mz 

78 

yi,Di. 

P\.2C 

C^C2 

79 

yi,i>h 


C^Zi 

80 

y%.DU 

P\2-yC 

C^czj^ 

8r 

yi,i>\. 

C\2m 

P^z 

82 

yiDi. 

C42C 

P\C2 

83 

yi,Di, 

C\2b 

P\bz 

84 

n^Dia 

C\2n 

Pl^nz 

85 

yt,i>%. 

F\2m 

7^2 

86 

rn^ nia 

d 9 -^Ski 

F\2C 

l\cz 

87 

yi\D^^ 

I'^2m 

F\mz 

88 

yf,Dz 

I^zd 

F\d2 

89 

c\ 


C 4 

90 

Cl 

Hi 

C 41 

91 

Cl 


C4ji 

92 

ct 

P4^ 

C4s 

93 

Cl 

h 

^■4 

94 

Cl 

P4i 

5'4i 



Schoen- 

flies 

Mauguin 

Normalized 

Mauguin 

Other Orientations 

95 

a 

P 4 ,/m 

C\/m 

96 


PAr^/m 

C^/m 

97 

^4A 

P^/n 

C/^la 

98 

Cl, 

PA^/n 

C^^/a 

99 

Cl 

I\/m 

F\/m 

100 

Cl 

I\Ja 

PAi/d 

lOI 

C\y 

Pti^m 

C^mm 

102 

Cl, 

P/^bm 

C/^mb 

103 

Cl 

P/^cm 

Cj^C 

104 

Cl 

P^m 

C/{jnn 

105 

Cl 

P\cc 

Ca-cc 

106 

Cl. 

P^c 

C/^cn 

107 

Cl. 

P/!^C 

C/^cm 

108 

Cl 

P^bc 

C\.cb 

109 

Cl 

It^m 

F^m 

no 

nio 

^4o 

I^cm 

F^c 

III 


le^d 

F\dm 

112 

<^11 

I^cd 

F\dc 

ri3 

I>1 

i ^42 

C 422 

1 14 

Dl 

P 421 

C 4221 

115 

Dl 

P 4 l 2 

C 4 i 22 

116 

Dl 

P 4 i 2 i 

C/^jZ Zj 

117 

Dl 

^4.2 

04^2 z 

118 

Dl 

PW'I 

6^42^^! 

119 

Dl 

^432 

C 4322 

120 

Dl 

^4321 

C 432 2i 

121 

Dl 

742 

F4.2 

122 

2 )“ 

/ 4 l 2 

7'4 i 2 

123 

Dl 

P\./mmm 

C4./mmm 

124 

Dl 

PA-/mcc 

C^-fmcc 

125 

Dl 

Pt^/nbm 

C 4. jamb 

126 

Dl 

P\/nnc 

C4./acn 

127 

Dl 

P&^/mbm 

Ct4.lmmb 

128 

Dl 

P\/mnc 

C4./mcn 

129 

Dl 

Pt^Jnmm 

C4.jamm 

130 

Dl 

P^/ncc 

C4./acc 

I3I 

Dl 

P\/mmc 

C4./mcm 

132 

D^ 

P\/mcm 

CA^/mmc 

133 


P\/nbc 

Ct^J acb 

134 

D^ 

P\/nnm 

C4./amn 

135 

£>ll 

P\/mbc 

C\/mcb 

136 

D^ 

P\/mnm 

C\/mmn 

137 

D^ 

P\/nmc 

C\/acm 

138 

D^ 

P\Jncm 

C4-/nmc 

139 

Dlk 

I\/mmm 

FA^jmmm 

140 

D^A 

I\.jmcm 

F\Jmmc 

I4I 

DA 

I\l am d 

F\^ddm 

142 

DA 

It^/acd 

F\Jddc 

143 

Cl 

Ci 

Hi 
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TABLE XL VII {continued) 



Schoen- 

flies 

Mauguin 

Normalized 

Mauguin 

Other Orientations 


Schoeu- 

fiies 

Mauguin 

Normalized 

Mauguin 

Other Orientations 

144 

145 

146 

c\ 

Cl 

C% 

Cii 

R3 

^ 3 i 

^ 3 a 

185 

186 

187 

188 

189 

190 

D\ 

D% 

D! 

D! 

Dl 

D! 

C62 

€6^2 

C652 

06^2 

C642 

C632 

H62 

H6i2 

H6,2 

HS^z 

H6^2 

H6,2 

147 

148 

SI 

Cl,, SI 

cs 

R3 

m 

149 

150 

151 

152 

153 

154 

Cl 

Cl, 

Cl 

Cl 

Cl 

C^m 

H'^m 

C'xc 

H^c 

R^m 

Rsc 

C%im 

H'^ic 

Czic 

191 

192 

193 

194 

Dl 

Dl 

Dl 

^\h 

C(>/mmm 

C6/mc€ 

C(i/mcm 

C(ifmmc 

H6/mmm 

H6/mcc 

H6/mmc 

H6/mcm 

195 

196 

197 

198 

199 

Ti 

rjyi 

rjtH 

P 2 $ 

F23 

l 2 % 

P^i3 


155 

156 

157 

158 

159 

160 

161 

D\ 

D% 

Dl 

Dt 

Dl 

Dl 

Dl 

H^z 

C32 

Csiz 

^ 3.2 

<^ 3 a 2 

R 32 

C312 

H'^ii 

C’ 3 ii 2 

Hijjz 

Ci,i2 

Hi,12 

200 

201 

202 

203 

204 

205 

206 

Ti 

n 

Ti 

Ti 

Ti 

Ti 

TI 

Pm^ 

Pni 

Fmi 

Fds 

Im% 

Pa^ 

laz 


162 

163 

164 

165 

166 

167 

Dl 

Dl 

Dl 

Dl 

Dl 

Dl 

H%m 

Hlc 

C%m 

C$c 

R’lm 

Ric 

Ciim 

Cjic 

Hxim 

Hlic 

207 

208 

209 

210 

211 

212 

TI 

TI 

TI 

Ti 

TI 

TI 

Pl 3 m 

F\‘im 

•P 43 » 

^ 43 ^ 

l\^d 

. . • 

168 

Cl 

Cl 

H6 

169 

170 

171 

172 

Dl 

Dl 

Dl 

Dl 

elm 

Clc 

Him 

Hlc 

HZzm 

Elze 

Chzm 

C62C 

213 

214 

215 

216 

217 

218 

219 

220 

0 ^ 

0^ 

(y 

0 * 

0 ® 

o« 

0" 

08 

P^3 

^ 4^3 

■f ’43 

■f4i3 

H3 

■P 4»3 

■P 4 i 3 

■4i3 

... 

173 

174 

175 

176 

177 

178 

Cl 

Cl 

Cl 

ci 

Cl 

Cl 

Cl 

Cl^ 

Cl, 

C6, 

Cl, 

Cl, 

HI 

HI, 

HI, 

HI, 

HI, 

HI, 

221 

222 

223 

224 

225 

226 

227 

228 

229 

230 

o\ 

01 

OJ 

Oi 

01 

o\ 

01 

OJ 

0 ; 

0“ 

Pm'^m 

Pn^n 

Pm^n 

Pn^m 

Fm^m 

Fm'^c 

Fd%m 

Fdsc 

Int'^m 

Ia‘^d 

... 

179 

180 

Cl 

Cl, 

C6/m 

C6Jm 

Hl/m 

Hl,/m 

181 

182 
IB3 
184 

Cl 

Cl 

Cl, 

Cl, 

C6mm 

C6cc 

C6cm 

C6mc 

H6mm 

H6cc 

H6mc 

H6cm 




INDEX 


Aborn, R. H., 213, 226, 292 
Absorption, 10, ii, 15, 70, 83, 87, 88, 265, 
281, 311, 3I4» 323. 330. 350 
Absorption coefficient, 10-12, 81, 31 3, 325, 
350^ 351. 354 > 362 

Absorption edges, ii, 12, 14, 81, 311, 323, 

324 > 339 » 34 o> 342 , 344 
Absorption factor, 87, 88, 329, 350, 360 
Age hardening, 4, 141, 295, 299 
Ageing, High Temperature, 298 
Ageing, Room Temperature, 296, 298 
Alexander, W. O., 156 
Alkemade, Ryn Van, 125 
Alio tropic modifications, 1 1 6-1 8 
Alloys, 137 

Alloys, Aluminium-Magnesium, 146 
Chromium-Aluminium, 157 
Cobalt-Aluminium, 124, 177, 193 
Copper-Aluminium, 164, 166, 167, 
174, 199, 295-8, 324 
Copper-Gold, 148, 174-6, 181-3, 
227, 230 

Copper-Indium, 165 
Copper-Manganese, 148 
Copper-Nickel, 122, 126, 147, 158 
Copper-Nickel-Aluminium, 124, 197— 
200 

Copper-Zinc, 122, 124, 148, 159, 
160, 163, 164, 166-9, 174, 176, 
177, 181, 238 

Iron-Aluminium, 148-50, 174, 177, 
182, 189, 193 
Iron-Carbon, 125 

Iron-Nickel, 5, 141, 143, 148, 177, 
184-6, 190, 19 1, 294 
Iron-Nickel-Aluminium, 124, 189- 
96, 198-201, 229 
Iron-Platinum, 230 
Iron-Tungsten-Carbon, 103, 207, 230 
Magnesium-Antimony, 158, 159 
Magnesium-Cadmium, 148, 158 
Nickel-Aluminium, 124, 138, 150, 
151, 154, 157, 177, r86, 1 89-9 X, 
^ i 93 y 199 
Silver-Aluminium, 299 


Alumina, 300, 3 ox, 303, 307 

Amorphous materials, 24, 226, 254, 302 

Amplitude, Reflected, 82 

Anderson, A. G. H., and Jette, E, R., 188 

Andrade and Chow, 243 

Angstrom Unit (A), 8, X5,7X, 339 

Angular factor, 360, 36X 

Anode, 7, x 6, 3x5, 320 

Anticathode, 8, X2, 20 

Anti-isomorphism, x6x 

a-quartz, 68, 306 

Asterism, 240, 24 x 

Atomic numbers, xx, X4, 7x, 80, lox, 104, 
xxo, X2X, X75, 323, 325, 344 
Atomic parameter, 83 
Atomic radius, X04, xxp, X2X, X47, 160, 
172, 173, 176, 199 

Atomic scattering factor, 80-5, X73, X75, 
177, 186, 203, 344, 345, 347 
Atomic size factor, 158, x6o, X72 
Austenite, xx7, X23-, 20X-3, 205, 206 
Austenitic grain size, 2x2, 2x3 
Avogadro number, 50, 71 
Axial lengths, 30 

Axial ratio, 6x, XX3, xi6, X2X, X76, 205, 
24X, 266, 299, 335 
Axis, Hexagonal, 37, 38, 45 
Axis of rotation, 24, 25, 38, 52-4, 70, 264, 
267, 276, 358 

Axis of symmetry, 24, 25, 32, 38 
Azimuthal angle, 28X 

Background, 12, 52, 60, 69, 77, 78, 96, 
214. 315. 321 , 339 

Back-reflexion method, 56, 74, 146, 2x8, 
220, 236, 245, 365, 307 
Back-reflexion photograph, 55, 58, 75, 2x6, 
2x9, 238, 245, 364 
Bain, E. C., 205, 206, 2x2, 213 
Barium plaster, 3x6, 381 
Barlow, 50 

Barrett, C. S., 75, X46, 206, 244, 282, 283, 
286, 287 

Basic circle, 247-9, 25X, 252, 282, 283, 
284, 286 
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Bass, W., 217 
Becker, K., 154, 262 
Becker, K., and Ebert, 154 
Beilby layer, 244 
Berglund, T., 211 
Bernal, J. D., 164 

Binary system, 122, 125, 130-5, 145, 148, 
^S39 158, 186, 188-91 
Binodal curve, 134, 135, 198 
Binodal surface, 135 
Block slip, 208 
Blood count, 323 
Blowholes, 137, 310, 318, 319 
Boas, W., 293 
Bohr, N., 100, 104-6 
Bozorth, R. M., 269—71, 287, ^92 
Bradley, A. J., 3, 13, 57, 62, 65, 67-70, 
88, 145, 149-51, i54-7> 166-8, 
171, 177, 178 

Bragg angle, 44, 51, 52, 66, 83, 84, 86, 89, 
223, 227, 233, 266-8, 277, 284, 
360, 362, 363 

Bragg equation, 42, 44, 47, 55, 78, 170, 
267, 272, 335 

Bragg law, 41, 42, 7 1, 7 8, 1 7 r, 2 1 4, 2 19, 240 
Bragg, W. H., 3 

Bragg- Williams theory, 179, 182 
Bragg, W. L., 3, 30, 33, 41, 49, 99, 151, 
168, 170, 172, 174, 178, i8r, 229 
Brass cups. Crystal Orientation in, 289 
Deep Drawing of, 289, 290 
Bridgeman, P. W., 119 
Brillouin zone, 171, 199 
Brindley, G. W., 85, 345 
Brinell hardness, 209 
Burgers, W. G., and Snoek, J. L., 193—5 

Calcite, 15, 259, 339 
Calibration curve, 98, 99, 312 
Calibration, Film, 97, 98 
Camera angle 68 

Camera, Back-Reflexion, 55, 56, 76, 233 
Calibration of, 68 
Crystal Analysis, 15, 20 
Debye-Scherrer, 20, 21, 57, 61, 62, 
67, 69, 74, 85, 93, 96, 123, 202, 
204, 223, 225, 265, 330 
Focusing, 74 

High Temperature, 5, 65, 66, 74, 
j'i6, 1 41 


Camera, Seemann-Bohlin, 73, 204 
Structure Integrating, 75 
Canada balsam, 59, 60, 63, 88, 329 
Carbide phases, 207 

Carbon, 115, 123, 172, 201, 203, 230, 303 

Carborundum, 109, 217, 304 

Card index, A.S.T.M., 58 

Carpenter, H. C. H., 253 

Cassette, 75, 310, 317, 319 

Catalysts, 226 

Cathode, 7, 8, 13, 18, 20, 292 

Cellophane capillary tubes, 329 

Cementite, 173, 202, 203, 206, 207 

Centre-spot, 2,46-48, 5 3-5 5, 266, 272, 358 

Characteristic curve. Film, 312, 314 

Chromite, 303, 308 

Chromium plate, 236 

Circle of reflexion, 86, 280—6 

Claassen, A., 350 

Clays, 300, 301, 304, 305 

Cleavage, 23, 24 

Cobalt, Structure of, 119 

Coercive force, 4, 193, 194, 229, 230 

Cohen, M. U., 73 

Cold-work, 59, 139, 140, 209, 23 x— 5, 
243, 244, 265, 273 

Cold-worked metal, 231, 232, 234, 262, 
289, 293 

Collimator, 48, 5 5, 62, 63 
Comparator, Film, 69 
Comparison photograph, 58 
Composition plane, 132, 134 
Composition triangle, 186, 187, 193, 198, 
199 

Compounds, Identification of, 66, 301 

Compton scattering, 78 

Conjugate phases, 134 

Conjugate solutions, 133, 187 

Constantan, 229 

Contrast, Film, 313 

Co-ordination number, in, 113, 121 

Cmring, 137, 138 

Critical point, 133—5 

Critical range, 202 

Critical temperature, 180—2 

Crystal axis, 27, 31, 265 

Crystal class, 26, 257 

Crystal face, 27, 28, 31, 32, 35, 36, 42, 253 
Crystal form, 23, 26, 28, 36, 86, 112, 170, 
171 
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Crystallite formation, 233, 238, 239 
Crystallite Size, Apparent, 224—5 
Crystallization, Rate of, 123, 137 
Crystal monochromatizer, 76., 77 
Crystal recovery, 231—4 
Crystal symmetry, 24, 27, 32, 44, 46, 
61 

Crystal texture, 301, 307 
Crystal zones, 35 

Cubic symmetry, 2, 25, 34, 59, 204 
Curie point, 116, 190 
Czochralski, J., 231, 232, 253 

Debye, P., 54, 84 
Debye, P., and Waller, 84 
Debye-Scherrer photograph, ii, 57, 58, 
85, 86, 153, 156, 178, 221, 225, 
261, 263, 278, 280, 283, 296, 301, 
335 

Deep drawing and pressing, 210, 277 
Defect lattice, 5, 124, 150, 152, 155, 156, 
199 

Deformation, 4, 114, 205, 208, 228, 229, 
231, 232, 234, 235, 243, 260, 273, 
274, 289, 296 

Degree of order, 175, 176, 179-83 
Dehlinger, U., and Graf, L,, 176 
Dendrites, 23, 127, 319 
Densitometry, 92 
Density, Film, 97, 98, 311-13 
Diamond, 24, 26, 89, 109, 115, 119, 161, 
162 

Diatropic planes, 276, 277, 287 
Diffraction halo, 55, 60, 214, 221, 223, 
233-5> ^38, 262, 265, 287, 307 
Diffraction spectrum, 40 
Diffusion, Rate of, 137, 138 
Digonal axes, 38, 254—6 
Dilatancy, 234 
Directionality, 5, 277, 278 
Disorder, 175, 176 
Dispersion hardening, 295 
Dobson, G. M. B., 93-5, 195 
Domains, Ordered, 182, 227 
Dosage, 380 

Doublet, Ka, 10, 52, 138, 141, 142, 194, 
206, 219, 227, 228, 233-5, 238 
Drawing, Direction of, 264, 273 
Ductility, no, 231, 277, 295 
Duralumin, 141, 299, 310 


Ear formation, 277, 278 
Edwards, O., 119, 209 
(8 — iV)-Rule, 114-16, 16 1 
Elam, C. F., 253, 256 
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